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Abstract 
This study was undertaken to investigate the effects of amine-based modifiers on the rheological 
characteristics of particle-filled viscous media such as recycled asphalt shingles (RAS). RAS are 
a recycled material that contains high concentrations of asphalt which has the potential for use in 
hot mix asphalt (HMA) when added to virgin asphalt. When using the RAS as a binder in HMA 
it is important to mix it with the virgin asphalt properly to achieve the best performance, which 
can also be enhanced by the incorporation of amine-based modifiers. Tear-off shingles were 
acquired from a roofing company and ground very fine so that 85% of the particles passed 
through sieve number 200. The virgin asphalt binder (PG 64-22) and three (20%, 30%, & 40%) 
percentages of grounded RAS were blended at a temperature of 180°C at a rotational speed of 
400 rpm. These three mixtures were then blended with three different amine-based modifiers 
(1.5% of Rediset®, 0.5% of Evotherm®, and 5% of bio-binder by weight of mixture) at 135oC 
and a rotational speed of 400 rpm. The percentage of each modifier was selected based on 
recommendations of the manufacturers. The properties of the blended binder were studied using 
a rotational viscometer (RV) utilizing a Brookfield Viscometer DVIII-Ultra. Two different 
spindles were used to measure the viscosity of the binders at four different temperatures (105oC, 
120oC, 135oC, and 150oC) and six (5, 10, 20, 25, 50, and 100) different rotational speeds. The 
analysis showed that viscosity increased with increasing percentages of RAS; however, the 
viscosities decreased after incorporation of the amine-based modifiers. Additionally, viscosity 
results were found to be different between the two spindles used. Viscosity measurement values 
were consistently higher when the vane spindle was used as compared to the smooth spindle. 
This can be attributed to incomplete blending of the RAS particles with asphalt matrix. However, 
the viscosity difference between the two spindles was reduced as the temperature was increased 
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and when modifiers were present. This, in turn, indicates an improvement of blending due to the 
addition of modifier and an increase in blending temperature. Furthermore, the coefficient of 
variation was significantly lower in cases where the vane spindle was used, indicating that the 
vane spindle could be more appropriate for measuring the viscosity of particle-filled viscous 
media. 
 An empirical relation was proposed to measure the blending behavior of the amine-based 
modified binders. The blending index was calculated using an empirical relation for all 
temperatures and rotational speeds. It was found that the blending index was affected by changes 
in temperature and shear speed. The blending index increased with increasing temperature. In 
addition, the bio-binder modified binder showed higher blending index compared to the other 
modified binders. Therefore, bio-binder is effective in reducing binder viscosity and enhancing 
blending between aged asphalt in RAS and un-aged asphalt (PG 64-22) in the mixture. 
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CHAPTER 1 
Introduction 
1.1 Background 
 The United States has the largest road network system in the world comprising more than 
4 million miles of pavement. Of this, 2.3 million miles are surfaced with hot-mix asphalt 
(FHWA, 2011); therefore, hot-mix asphalt is the predominant material in pavement construction, 
rehabilitation, and maintenance projects (National Asphalt Association, 2005). Due to increases 
in population and living standards there is a significant annual increase in traffic. It is important 
that the entire pavement surface have sufficient capacity to bear the rapid growth of traffic 
volume, high axle loads, and severe climatic conditions. To fulfill this increasing demand in the 
US, thousands of miles of road are constructed and thousands of miles of road are maintained 
and rehabilitated each year. All types of road construction work require sufficient amounts of 
materials such as aggregate, asphalt binder, fuel, coal, and so forth. Most of these construction 
materials occur naturally and can be found at various sources (e.g., mines, wells). Extraction of 
these materials leads to their gradual depletion. Additionally, extracting these materials from 
quarries and transporting them to job sites is difficult and costly, thereby increasing overall 
construction costs. 
 Accordingly, transportation agencies are increasingly interested in investigating new 
technologies that will reduce the cost of asphalt pavement materials while maximizing long-term 
performance. The American Society of Civil Engineers (ASCE) 2009 Infrastructure Report Card 
revealed that 186 billion dollars is needed annually for rehabilitation and maintenance of the 
United States roadway system, but only 70.6 billion dollars is being invested annually. The cost 
of asphalt materials can be reduced by replacing the virgin asphalt (binder) with recycled 
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products obtained from construction waste or other byproducts that contain large amounts of 
asphalt. Adopting the use of recycled products not only reduces the cost of asphalt materials but 
also diverts construction waste away from landfills. Using recycled products to manufacture 
asphalt pavement also lowers the energy required to produce the pavement and minimizes the 
process’s impact on the environment. Al-Qadi, Imad, Elseifi, and Carpenter (2007) reported that 
the performance of properly designed asphalt mixes containing recycled products exhibits no 
differences compared to asphalt mixes containing only virgin materials. When compared to 
conventional virgin mixes some recycled products even improve performance in certain 
applications. 
 Recycled asphalt pavement (RAP), recycled asphalt shingles (RAS), and Crumb rubber 
are the most common sources of secondary recycled materials used in road construction. RAP is 
old pavement that has been milled from the roadway, crushed into smaller aggregate sizes, and 
stockpiled. At the end of an asphalt pavement’s ‟service life,” the pavement is still valuable 
because it contains mineral aggregates and asphalt cement that can be reheated and 
reincorporated into new hot mix asphalt (HMA). The Federal Highway Administration (FHWA) 
and the Environmental Protection Agency (EPA) reported that of the 100.1 million tons of 
asphalt pavement removed each year, 80.3 million tons is reused as part of new roads, roadbeds, 
shoulders, and embankments, making asphalt the United States’ most recycled material (FHWA, 
1993). 
 Another source for secondary materials is recycled asphalt shingles (RAS) that are 
obtained by reprocessing old roofing asphalt sheet (shingles). Used roofing shingles are 
recyclable products and have been used in road construction as an aggregate or a binder (NAHB 
Research Center, 1998). The use of RAS has several benefits with respect to the environment 
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and the conservation of energy. The use of RAS in pavement construction is a more sustainable 
and eco-friendly approach. RAS are primarily used in new HMA for pavement surfaces; 
however, they have been increasingly used as coarse aggregate and binder materials for 
construction of new roads or the rehabilitation of existing roads. Used roofing shingles are 
available in large quantities. More than 11 million tons of waste asphalt roofing shingles are 
generated in the United States each year (Krivit, 2007). The cost of disposing waste shingles in 
landfills can be as high as $90 to $100 per ton (Malik, Teto and Mogawer, 2000). Additionally, 
disposing of shingles in landfills increases municipal disposal costs and pollutes the 
environment. When shingles are re-used in new construction these problems are minimized. 
 RAS have been used in pavement construction since the early 1990s; at that time RAS 
were incorporated into hot mix asphalt (HMA). Pavement containing RAS was used in a trial 
section of roadway in the state of Pennsylvania (Pennsylvania Department of Transportation, 
2011). The Pennsylvania Department of Transportation (2011) oversaw a project in July, 1991 in 
which 0.93 miles of four-lane highway was constructed with an asphalt mixture containing 5% 
RAS. This was the first commercial application of pavement formulated using RAS. In the same 
year, the Minnesota Department of Transportation (Mn/DOT), the Minnesota office of 
Environmental Assistance (Mn/OEA), and the University of Minnesota started a research project 
to investigate the effectiveness of using RAS in HMA (Janisch & Turgeon, 1996). In this study it 
was found that the use of up to 5% RAS was beneficial in that it caused a slight increase in 
asphalt cement hardness. 
 Janisch and Turgeon’s (1996) findings, increases in energy prices, and the gradual 
depletion of natural resources all served to stress the compulsory need to adopt new 
methodologies that would benefit the environment, users, and the industry. Although recycling 
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by-product materials is beneficial in most cases because of the reduced consumption of virgin 
materials, it is imperative that the performance of the highway is not compromised. 
 Benefits that may derive from the recycling of by-product materials in HMA include: 
1. reduced consumption of virgin materials, 
2. reduced emissions and energy consumption during processing and manufacturing 
as a result of using fewer virgin materials, 
3. reduced amount of by-product material disposed in landfills, 
4. diminished consternation of the public regarding emissions, and 
5. improved economic competitiveness in the asphalt paving construction industry. 
Clearly, recycling asphalt shingles in HMA could be a valuable approach in the road 
construction industry. 
1.2 Problem Statement 
 Disposing of roofing shingles at the end of their service lives results in the accumulation 
of large quantities of old asphalt materials in landfills. If these materials are not properly treated, 
serious environmental problems can result. The fabrication of additional HMA from virgin 
aggregate and bituminous materials only compounds the problem. RAS have been considered a 
valuable construction material because they can be included in new hot mix asphalt for use in 
both the construction and maintenance of paved surfaces. According to the FHWA, the use of 
RAS in the production of new asphalt materials results in economic, environmental, and energy 
savings (Roof to rood). 
 Recently, RAS have been increasingly used as a coarse material (dry process) and as a 
part of the fabrication of binder material (wet process). The latter method is more commonly 
used in the pavement industry. In this method RAS is blended with virgin binder using a 
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shearing mechanism. Blending of RAS with virgin asphalt decreases the quantity of virgin 
material required and thereby lowers construction costs. The new challenge is to use higher 
percentages of RAS in pavement construction without reducing performance. Elseifi, Salari, 
Mohammad, Hassan, Daly and Dessouky, 2012 demonstrated a method called the “wet process” 
in which they increased the percentage of RAS without depleting the required performance 
criteria. In this wet process, RAS were ground into a very fine form called “ground RAS.” The 
ground RAS was then blended with virgin binder material at high temperatures and high shear 
rates prior to mixing with the aggregate so that the RAS mixture could act as a binder. Using the 
wet process facilitated better control of the chemical and physical reactions taking place in the 
binder blend. . Elseifi, et al., 2012 reported that using this method up to 20% RAS can be used in 
road construction materials without compromising the performance of the road. Although Elseifi, 
et al.’s (2012) wet process was based on manufactured recycled shingles. A search of the extant 
literature revealed that no research has been conducted focusing only on tear-off roofing shingles 
and their blending behavior with virgin asphalt; therefore, this research study focused on the 
blending behavior, performance, and characteristics of RAS with virgin asphalt in the presence 
of three different modifiers as reflected in the resultant blending index. 
1.3 Research Objectives 
 The main disadvantage of using high percentages of RAS in construction is the increased 
stiffness of the mixture. This, in turn, can make the mixture hard to mix and compact. To address 
this problem, certain amine-based modifiers are added to the mixture to reduce the stiffness and 
enhance workability. To evaluate the effects of various modifiers, viscosity can be measured to 
determine the rheological behavior of the modified mixtures. The objective of this research was 
to evaluate the physical and rheological properties and performance of mixtures modified with 
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RAS with and without the presence of amine-based modifiers. In addition, this work evaluated 
the effectiveness of the designed modifiers in RAS-modified mixtures in terms of improving the 
blending between aged and un-aged asphalt. In this study the viscosity of samples was measured 
using two different types of spindles. The measured viscosity data obtained from this research 
has the potential to introduce new concepts that might be used to determine the blending index of 
mixtures, thereby providing a new approach for further research and development of new 
modifiers for flexible pavements. 
1.4 Experimental Plan 
 This study was designed to investigate the effect of amine based modifiers on RAS 
modified asphalt rheological characteristics. The methodology used in this study was an 
extensive literature review on RAS and RAP modified Hot Mix Asphalt technology 
incorporation of various additives. To conduct the experiments, three different proportions (20%, 
30%, and 40%) of RAS were blended with PG 64-22 in the first step. Then the RAS modified 
mixtures were blended with bio-binder, Redised®, and Evotherm® respectively in the second 
step. In total, 24 different specimens were prepared: (a) four specimens made from 20% RAS 
and virgin binder with or without modifiers, (b) four specimens made from 30% RAS with virgin 
binder with or without incorporation of modifiers, and (c) four made from 40% RAS with virgin 
binder with or without incorporation of modifiers. Each of these 12 specimens was processed 
using both spindle type SC4-27 and spindle type V73. 
 In this research the proportion of Redised® was 1.5%, Evotherm® was 0.5%, and bio-
binder was 5% by weight total mixture. To make a homogeneous mixture, each combination of 
RAS and virgin asphalt were first blended for 60 minutes at 400 rpm and 180oC; similarly, each 
modifier was blended separately with RAS modified mixture (already prepared) at 400 rpm and 
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130oC for 20 minutes. From each blended mixture 10.5 grams of binder was poured into an 
aluminum chamber. The chamber was then placed into a preheated Thermosel® for 20 minutes. 
To measure viscosity a Brookfield Engineering viscometer was chosen and tested. A dynamic 
shear rheometer (DSR) test was conducted to measure the viscoelastic properties of the binders. 
 An experiment set up used in this study is shown in Figure 1.1; furthermore, in detail 
each mixture design and modification will described in chapter three in section 3.3 and 3.4. 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Experiment set up used in this study 
1.5 Organization of Thesis 
 This thesis is divided into five chapters including this introductory chapter. Chapter 1 is 
used to present background, the problem statement, research objectives, and research 
methodology. Chapter 2 contains an extensive review of the literature pertaining to the use of 
RAS in HMA and a discussion of past and ongoing studies of recycled asphalt materials. In 
Chapter 3 the materials, an evaluation of their properties, and test methodologies used in this 
study are described. Chapter 4 is used to present and discuss the test results and data analysis of 
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the modified binders evaluated, and Chapter 5 contains the summary and conclusions of the 
research work conducted. 
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CHAPTER 2 
Literature Review 
 This chapter is designed to introduce RAS as a construction material for use in asphalt 
pavement. Some previous applications of RAS in HMA used in the pavement industry are 
discussed. A thorough literature review regarding the laboratory tests which are performed in this 
research are also included. 
2.1 Past Studies of Recycled Asphalt Materials 
 Environmental measures are becoming more dominant factors in the decision-making 
process in infrastructure and construction projects. Additionally, global crude oil prices have 
increased rapidly in recent decades. The price of liquid asphalt has grown dramatically; the price 
of asphalt increased from $235/ton in 2004 to more than $635/ton in 2013 (New York 
Department of Transportation, 2013). As a product derived from petroleum distillation, asphalt is 
becoming less available because of improvements in cooking technologies that allow refineries 
to produce synthetic fuel from asphalt. This, in turn, reduces the supply of asphalt available for 
road construction (Cleveland, 1993). An increasing concern for sustainable development, in 
addition to the emphasis on material conservation, reuse, and recycling, has encouraged a 
number of government and highway agencies to commission research investigations to 
characterize, and optimize the production of pavement materials. The use of recycled materials 
can provide additional value. They have been used in applications that show performance similar 
to conventional materials and cost effectiveness has been demonstrated (Iswandaru & Wilson, 
2006). These successes have driven researchers and pavement industry companies to address the 
issue of using more and more recycling materials derived from waste products. For example, bio-
binder, RAS, and RAP can be used as alternative asphalt resources while looking for substitutes 
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for virgin asphalt (Fini, Kalberer et al., 2011). Similarly, with regard to RAS, in the US more 
than 11 million tons of asphalt roofing materials are produced each year. Ten million tons are 
post-consumer (tear-off), and one million tons are pre-consumer manufacturing scrap. Asphalt 
roofing shingles have been used in paving practices since the early 1990s as a portion of 
aggregate, and more recently have also been used as a binder in hot mix asphalt. Due to the 
presence of large quantities of asphalt in RAS, most state agencies that regulate road 
construction have allowed RAS to be used with certain maximum percentages in hot mix asphalt. 
The maximum allowable percentage of RAS in most states is approximately 5% by weight of the 
total aggregate. Some states limit RAS type to manufacturing scrap only, while others allow for 
the application of tear-offs as well. For example, following the supplemental specification issued 
by the Ohio Department of Transportation in 2011, the state of Ohio allowed the use of either 
manufacturer's RAS or tear-off RAS depending on the particular pavement course (Ohio 
Department of Transportation, 2011). Figure 2.1 shows the states that currently allow the 
utilization of RAS in HMA. 
 
Figure 2.1. Allowable percentage of RAS in HMA (from Scholz, 2010) 
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 Several authors of previous studies mentioned that the introduction of shingles into an 
asphalt mixture can increase the stiffness of the mixtures which can, in turn, promote pavement 
resistance to rutting. Ali et al., 1995 and Burak et al., 2004 studied the effects on engineering 
properties that resulted from introducing roofing shingles into HMA. They found that the 
Marshall Stability values increased when adding 1% shingle into the mixture but that further 
increasing the percentage of shingle caused a decrease in stability values. However, they noted 
that at concentrations of up to 5% shingle the stability values of the mixtures were still higher 
than the minimum values called out in the superpave specification criteria. In addition, this and 
other studies showed that by incorporating 5% shingle in pavement construction contractors can 
reduce the construction cost by $2.79/ton (Brock et al., 1989). In another study, Foo et al. (1999) 
reported that the introduction of shingles into virgin asphalt can cause a significant increase in 
the stiffness of the asphalt binder. The use of shingles in a HMA mixture will generally improve 
the rutting resistance; however, the mixture may show lower fatigue life and lower thermal 
cracking resistance. In such cases it was recommended that the use of an appropriate softener 
(bio-binder) in virgin binder could improve the fatigue and low temperature performance of the 
mixture (Fini, Al-Qadi et al., 2011). There are several studies and innovations related to 
facilitating the application of RAS without compromising the “workability” and mechanical 
properties of the mixture (e.g., application of softer binder, mechanical grinding, and wet 
processing). Recently, a bio-based additive was produced that is able to make the binder softer, 
thereby enhancing workability and mixing (Mogawer et al. 2012, Fini, Al-Qadi et al., 2011, 
Beale, 2011 and; Williams, 2013). 
 Another innovation was grinding the RAS to ultra-fine particle size and blending it with 
asphalt binder through a wet process. This facilitated the incorporation of higher percentages of 
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RAS in hot mix asphalt (Elseifi et al., 2012). In this wet process, the ground RAS is blended with 
the binder at a high temperature prior to mixing it with the aggregates. This method permits 
better control of the chemical and physical reactions which occur in the binder blend. Results of 
the rheological and stability testing for this wet process indicated that 20% RAS can be used 
successfully in HMA. 
 Fini et al. (2011) studied the effects of bio-binders on mixtures containing RAS. A bio-
binder derived from swine manure was added to the base PG 52-28 asphalt binder at a 
concentration of 5% by weight of asphalt binder and a bio-modified binder was created. Due to 
the chemical and physical nature of the bio-binder, its introduction along with RAS allowed 
mixing at a lower temperature of 124ºC and compaction occurred at 113ºC. This study showed 
that the presence of bio-binder led to improved blending between the aged asphalt and the virgin 
asphalt. In addition, it was found that bio-binder improved the workability and compaction of the 
RAS content mixture. In another study by Fini, Al-Qadi et al. (2011) on the analysis of dynamic 
modulus of mixtures it was shown that incorporation of 40% RAP to the control mixture 
increased the mixture stiffness. The introduction of the bio-modified binder decreased the 40% 
RAP mixture's stiffness; therefore, it indicated that the bio-modified binder can effectively 
reduce the mixing and compaction temperatures and help to reduce the stiffness effect caused by 
the introduction of high percentages of RAP and RAS in the mixtures. 
 Based on previous research studies it became clear that aged RAS are one of the 
constituents that help increase the viscosity of the mixture but may cause stress on the pavement 
during preparation, mixing, compaction, and during its life of operation. To address this issue 
different types of modifiers and additives are being used in construction according to their 
properties and design guidelines/specifications. In an attempt to establish a suitable design 
16 
 
method, a new method called warm mix asphalt (WMA) was introduced recently. Marisa et al. 
(2012) conducted a Marshall Stability Test, immersion compression test, and water sensitivity 
test on a warm recycled mix. They concluded that the temperatures for the production and 
compaction of the mixtures influenced the final results. The best result was obtained from 
mixtures compacted at 90oC. 
2.2 Recycled Asphalt Shingles (RAS) 
 Shingles are manufactured for 15–20 years of service. After their life service time they 
are replaced by new roofing shingles which produces a large quantity of waste/scrap shingles. 
Reuse of recycled asphalt shingles was identified by the U.S. Environmental Protection Agency 
(EPA) as a top priority. Constituents of typical asphalt shingle include 20-35% asphalt cement, 
2-15% cellulose felt, 20-38% mineral granule/aggregates, and 8-40% mineral filler/stabilizer. 
Due to the high content of asphalt in shingles, the primary application of RAS is production of 
hot mix asphalt. Most states’ departments of transportation (DOT) approved 5% (depends upon 
the type) RAS in HMA. Research by Button et al. (1995) and Grodinsky (2002) revealed that the 
use of more than 5% by weight RAS in HMA affected adversely the creep stiffness and tensile 
strength of HMA. Consequently, this 5 % RAS application uses only 10-20% of the total asphalt 
shingle waste generated (Turley, 2010). To make use of the additional waste another potential 
application of RAS could be incorporation into structural fill including highway embankment 
fills or backfill behind retaining walls. 
 Asphalt shingles contain approximately 30% AC by mass (Foo, 1999); therefore, using 
RAS in HMA decreases the amount of virgin AC required, and decreases the costs to produce 
HMA. It can also enhance the properties of the HMA when small amounts of RAS are 
incorporated; however, this improvement may be dependent upon the source and quality of the 
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RAS. The roofing application of shingles and the demolition of the roofing shingles are shown in 
Figure 2.2 and Figure 2.3. 
 
Figure 2.2 Asphalt shingles on a residential roof 
 
Figure 2.3 Tear-off shingles after service life 
 The granular material in asphalt shingles is composed of coal slag and crushed rock 
coated with ceramic metal oxides. It is generally uniform in size, ranging from 0.3mm to 2.36 
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mm, and is hard and angular when powdered limestone (70% passing the No. 200 sieve) is also 
added as a stabilizer (Newcomb, 1993; Ross, 1997) which makes the mixture stiffer. 
2.3 Types of Recycled Asphalt Shingles 
 Understanding the composition and properties of asphalt shingles is necessary to fully 
characterize asphalt mixtures in which they are incorporated. The American Society for Testing 
and Materials (ASTM) clearly specifies shingles according to their production in documents 
ASTM D225 and ASTM D3462. The specifications in ASTM D225 apply to asphalt shingles 
made with organic (cellulose or wood fiber) backing, and ASTM D3462 contains specifications 
for asphalt shingles made with fiberglass backing. 
 2.3.1 Organic shingles. Organic shingles are made of paper (felt)-saturated asphalt 
cement (AC). These types of shingles are heavier and contain more AC. In cold regions, such as 
the northern USA and Canada, these shingles are used due to the higher flexibility conferred by 
the large AC content. The increased flexibility makes them less likely to crack in cold weather. 
 2.3.2 Fiberglass shingles. Fiberglass shingles contain a base layer (mat) of fiberglass 
coating. These types of shingles are easier to work with and install because the fiberglass base 
makes the shingles lighter in weight. Fiberglass shingles provide greater resistance to moisture 
and fire than organic shingles. 
2.4 Typical Asphalt Shingle Composition 
 The percentages of the individual component materials in asphalt are different in shingles 
manufactured with organic felt compared to shingles manufactured with fiberglass felt. Brock 
(2007) summarized the composition of each type of shingle and his reported data are presented 
in Table 2.1. Typical figures for each individual component are shown in Figure 2.4. 
 
19 
 
Table 2.1 
Composition of Both Types of Asphalt Shingles (from Brock, 2007) 
 
Composition 
Organic Shingles Fiberglass Shingles Old Shingles 
(Lbs. per 
100 sq. ft.) 
(%) (Lbs. per 
100 sq. ft.) 
(%) (Lbs. per 
100 sq. ft.) 
(%) 
Asphalt 68 30 38 19 72.5 31 
Filler 58 26 83 40 58 25 
Granules 75 33 79 38 75 32 
Mat 0 0 4 2 0 0 
Felt 22 10 0 0 27.5 12 
Cut-out 2 1 2 1 0 0 
Total 225  206  233  
 
 Shingles are manufactured by saturating and coating both sides of organic or fiberglass 
backing felt with liquid asphalt. The asphalt used to coat the felt material is different from 
asphalt used in paving materials. The asphalt used in roofing shingles is much harder and stiffer 
because the manufacturers use an “air-blown” process to increase the viscosity of the asphalt. 
The air-blown process infuses oxygen into the asphalt, which changes the chemical make-up of 
the asphalt and makes it stiffer. The shingles are then covered with sand and crushed-stone 
granules to increase their durability and resistance to weathering. The individual components of 
asphalt shingles are shown in Figure 2.4. 
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Figure 2.4 Composition of asphalt shingles (from Grzybowski, 2010) 
2.5 Asphalt Cement Content in Tear-off Shingles 
 Weathering a portion of the surface granules on roofing shingles results in a greater 
overall percentage of AC compared to new shingles. Oxidation and volatilization of the lighter 
organic compounds in roofing shingles makes the AC in tear-off shingles stiffer. As a result, 
using higher percentages of RAS in HMA can lead to the mix being stiffer than a virgin mix. 
Tear-off shingles tend to include nails, paper, wood, and other debris that makes recycling a 
longer process (Mallick, 2000). Care and consideration should be taken when RAS is added to 
HMA to avoid this potential contamination. 
2.6 Benefits of Recycled Asphalt Shingles in Hot Mix Asphalt 
 The benefits of using shingles in HMA include cost savings, environmental preservation, 
and the potential for improved performance. Recycling RAS in HMA avoids the expense 
associated with the disposal of shingle waste and reduces the amount of material entering landfill 
sites, thereby benefitting the environment. The amount of virgin AC required in HMA mixes can 
be reduced by incorporating RAS; this reduces costs. A relatively small number of shingles can 
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displace a large percentage of AC (Foo 1999) in hot HMA. Additionally, studies revealed 
increased resistance to high-temperature rutting in HMA that contained factory waste shingles 
(Foo, 1999). The benefits of using RAS include: 
1. reduced consumption of virgin materials, 
2. reduced emissions and energy consumption during processing and manufacturing 
of virgin materials, 
3. reduced amounts of by-product materials disposed of in landfills, 
4. diminished public consternation over emissions, 
5. improved economic competitiveness in the asphalt paving construction field, 
6. reduced or eliminated disposal costs for municipalities, 
7. established attractive and wise solution for the use of waste materials, and 
8. decreased dependency on virgin asphalt. 
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CHAPTER 3 
Materials Used and Experiment Methodology 
 In this chapter each of the materials that were used in this study are characterized. 
Asphalt binder PG 64-22 and modifiers (Rediset® and Evotherm®) are characterized based on 
the manufacturer or supplier specification. Tear-off shingles and Bio-binder are characterized 
based on the Fini et al (2011), Elseifi et al. (2012), Iswandaru & Wilson (2006), and Burak et al. 
(2004) research and findings. 
3.1 Materials Characterization 
 3.1.1 Evotherm®. Evotherm® is a warm mix additive/modifier used successfully in 
warm mix technology in asphalt pavement construction. Evotherm® WMA is a comprehensive 
chemical additive system designed to allow the production and compaction of high quality 
asphalt pavements at temperatures much lower than those needed in conventional HMA. The 
benefit is the reduced consumption of energy when manufacturing the asphalt mixes. Various job 
sites studied by Michel, Frederic and Faucon (2003) achieved energy savings of approximately 
40% percent, with measured gains ranging from 35% to 55% depending on the moisture content 
of the aggregate materials and the ambient weather conditions. Additionally, the reduction in 
processing temperatures caused a significant drop in the emission rates of stack gases and 
particulates at the mix plant. One study showed a 48% reduction in greenhouse gases, 58% 
reduction in nitrogen oxides, and 41% reduction in sulfur dioxide, which is responsible for acid 
rain (Michel et al., 2003). 
 3.1.2 Virgin asphalt binder. Un-modified binder which was classified as PG 64-22 
according to Superpave specifications was selected for this study. This bitumen is a petroleum-
based refined product. Typical heating temperature of the bitumen is 177˚C with a flash point of 
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325˚C. Preferred storage temperatures range between 140˚C and 168˚C. The use of unnecessarily 
high temperatures results in increased hardening, oxidation, and heating costs. PG 64-22 is 
primarily used in paving for both new construction and pavement rehabilitation. (U.S. Oil & 
Refining Corporation, 2005). It was used in an attempt to offset the potential mixture stiffening 
resulting from the use of a high percentage of RAS in the mixture. Based on the viscosity of the 
binder, the mixing temperature was 180ºC. Table-3.1 shows properties of the virgin binder. 
Table 3.1 
Typical Physical Properties of Asphalt Binder (ASTM International, 2013) 
Property Test Method Value 
Flash Point, °C ASTM D92, Varies according to grade, 
Cleveland Open Cup EN 22592 (b) Typically > 230°C (445°F). 
    > 270°C (520°F) in ASTM D312, 
    > 250°C (482°F) in EN 13304 
Loss on Heating, % m ASTM D2872, 0.5-1% maximum depending upon 
(Maximum) EN 12607-1 the specification 
Specific gravity ASTM D70 ≥ 0.95, typically > 1.0, not a specification 
value EN 15326   
Solubility, % ASTM D2042, ≥ 0.99% m by specification 
(Minimum) EN 12592 (Trichloroethylene, Toluene, or Xylene 
    as specified) 
Solubility in water   Negligible 
Softening Point ASTM D86, EN 172 > 30°C (86°F, grade dependent 
Vapor Pressure   Below detection limit at ambient temperature 
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 3.1.3 Recycled asphalt shingles (RAS). The shingles used in this study were post-
consumer (tear-off) type shingles which were acquired from a local roofing company in 
Greensboro, North Carolina. Further work (preparation) was undertaken in civil engineering labs 
at North Carolina A & T State University. 
 3.1.4 Bio-binder. Bio-binder is derived from non-petroleum-based renewable resources 
such as wood or corn. Recent research efforts have suggested that using a bio-binder along with 
a petroleum-based asphalt can produce a bio-modified binder (Fini, Al-Qadi, Zada B. and Beale, 
2011 and; Williams, 2013); therefore, the bio-binder could be an alternative to petroleum-based 
asphalts. In this study bio-binder used was produced by thermochemical liquefaction processing 
of swine manure under relatively high temperature (T = 340oC) and pressure (P = 10.3 MPa) for 
specific residence times (RT = 80 min.) is used to produce bio oil and utilizes the heavy residue 
remaining in this process as an asphalt modifier. Table 3.2 shows the chemical composition of 
bio-binder and asphalt. 
Table 3.2 
Chemical Composition of Bio-binder and Asphalt (Fini, Kalberer, Shahbazi, 2011) 
Component (% wt.) Bio-binder AAD-1 
Carbon(C) 72.58 81.60 
Hydrogen(H) 9.76 10.80 
Nitrogen(N) 4.47 0.77 
Oxygen(O) 13.19 0.90 
Water Content 2.37 - 
Ash Content 0.13 - 
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 3.1.5 Rediset®. The warm mix asphalt at lower compaction temperature needs lower 
optimum binder content to conform to the mix design criteria; its stability is lower than mixture 
fabrication at high temperatures. The use of a lower temperature leads to less energy 
consumption and lower emissions production at asphalt mixing plants. Hamzaha, Golchina and 
Ching (2013) study showed that the optimum binder content (OBC) of warm mix asphalt 
(WMA) was slightly lower than the OBC for HMA. Furthermore, the higher Rediset® content 
slightly decreased the stability of the asphalt mixture. This implied that higher Rediset® content 
has a softening role in the asphalt mixtures (Hamzaha et al., 2013). Table 3.3 shows the 
recommended concentration of Rediset® for various applications. 
Table 3.3 
Recommended Doses of Liquid Rediset® by Weight of Mixture (AkzoNobel Surface Chemistry, 
2013) 
Application Concentration (%) 
Warm-mix(Standard paving and PG grades) 0.40 - 0.60 
Compaction Aid 0.30 - 0.50 
High-RAP,PMB and higher PG binders 0.50 - 0.75 
Foam warm-mixes 0.30 - 0.50 
 
3.2 Preparation of RAS 
 The tear-off shingles used in this study were obtained from a local roofing company in 
Greensboro, North Carolina. Dirty particles like iron nails, wood, paper, pieces of glass, and 
other debris were separated from the shingles. The separated shingles were then ground utilizing 
an industrial Hamilton Beach grinder. Grounded RAS was then gradated to isolate the required 
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particle size samples using sieve analysis. The grounded RAS were put on the top of the sieve 
and shaken for 20 minutes using an automatic shaking mechanism. A typical Hamilton Beach 
grinder is shown in Figure 3.1. The various sieve sizes are shown in Table 3.4. 
Table 3.4 
Gradation of Recycled Asphalt Shingles 
Sieve No. Wt. Retained Cu. Wt. retained % Retained % Passed 
4 0.00 0.00 0 100 
8 0.00 0.00 0 100 
16 0.00 0.00 0 100 
30 9.26 9.26 2 98 
50 15.30 24.56 5 95 
100 17.65 42.21 8 92 
140 20.85 63.06 12 88 
200 38.47 101.53 19 81 
Pan 425.95 527.48 100 0 
 
3.3 Specimens Preparation  
 PG 64-22 was placed in a typical bench oven set to 135˚C until it reached a homogeneous 
liquid phase. To prepare the samples 
1. 150 grams of heated PG 64-22 was poured into three cans; 20%, 30%, and 40% 
RAS by weight of total mixture was blended with heated PG 64-22; and  
2. 5% of bio-binder, 1.5% of Rediset®, and 0.5% of Evotherm® by weight of total 
mixture were blended separately. 
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 The details of the mixing proportions and titles given to each modified binder are shown 
in Table 3.5. In the title of each modified binder, first two letters (MB) stands for modified 
binder; followed by two digits which stand for percentages of recycled asphalt shingles (RAS) 
and a single letter (E, R, B) which stands for the type of amine-based modifiers: “E” for 
Evotherm®, “R”for Rediset®, “B” for Bio-binder from swine manure and “N” for no modifiers. 
Table 3.5 
Description of Proportion of Test Materials 
Binders 
Name 
Percentage Content (%) 
RAS PG 64-22 Evotherm® Rediset® Bio-binder 
Control 0 100 0 0 0 
MB-20-N 20 80 0 0 0 
MB-20-E 20 79.5 0.5 0 0 
MB-20-R 20 78.5 0 1.5 0 
MB-20-B 20 75 0 0 5 
MB-30-N 30 70 0 0 0 
MB-30-E 30 69.5 0.5 0 0 
MB-30-R 30 68.5 0 1.5 0 
MB-30-B 30 65 0 0 5 
MB-40-N 40 60 0 0 0 
MB-40-E 40 59.5 0.5 0 0 
MB-40-R 40 58.5 0 1.5 0 
MB-40-B 40 55 0 0 5 
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Figure 3.1 A typical grinder used to prepare the tear-off shingles 
3.4 Mixing (Blending) Process 
 To perform the mixing, 12 aluminum cans were taken and filled by preheated asphalt 
binder of 150 grams. Among those 12 cans, four cans were blended with 20% grinded recycled 
asphalt shingles, four cans were blended with 30% of RAS, and the last four cans were blended 
with 40% of RAS at high temperature and shear speed. Single cans representing each percentage 
(a total of three cans) were kept separate and used as control samples. Three sets of cans were 
made from the rest of the cans (a total of nine cans) with each of the three groups containing 
20%, 30%, and 40% RAS. The first set of cans was blended with 0.5 % Evotherm®. Similarly, 
the second set of cans was blended with 1.5% Rediset®, and the third set of cans was blended 
with 5% bio-binder at high temperature and rotational speed. Each blended mixture was then 
poured into a small aluminum chamber. Altogether there were 12 specimens for spindle SC27 
and an equal number of specimens for the V73 spindle. Modification details are presented in the 
next section. 
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 3.4.1 RAS modification. For this modification three cans were filled with 150 grams of 
PG 64-22 asphalt binder. These cans were then placed on a heating plate set to 180oC in 
preparation for blending. To make a 20% RAS mixture 37.5 grams of RAS was gradually poured 
into 150 grams of PG 64-22making 187.5 grams of binder. An electric drill with a mixing 
attachment was used for 60 minutes of blending. This procedure was then repeated for the 
remaining two mixture designs: 30% RAS was formed by gradually adding 64.30 grams of RAS 
to 150 grams of PG 64-22 to form 214.28 grams of binder, and 100 grams of RAS was gradually 
added to 150 grams of PG 64-22 to make 250 grams of 40% RAS binder. All samples were then 
heated to 180oC until the blending process finished. This process was adopted for all cans of 
each percentage of RAS. 
 3.4.2 Bio-binder modification. After RAS modification, the samples were treated with 
modifiers. For bio-binder modifications, each percentage of RAS-modified binder was treated 
with a 5% bio-binder. The mixture including 5% bio-binder (9.86 grams) was poured into the 
20% RAS modification (187.50 grams). To prepare for blending this 196.87 grams of mixture 
was then placed on a heating plate set to 135oC. Once again an electric drill with a mixing 
attachment was used to blend for 20 minutes during blending. This procedure was then repeated 
for the remaining mixture designs. Five percent bio-binder (10.71 grams) was gradually added to 
214.28 grams of 30% RAS-modified binder over a heating plate at 135oC and blended for 20 
minutes. Similarly, 5% bio-binder (12.5 grams) was gradually added to 250 grams of 40% RAS-
modified binder and blended. It was assumed that the mixtures were homogenous after 
undergoing this process. 
 3.4.3 Rediset® modification. The proportion of Rediset® was 1.5% by weight of binder 
for the Rediset® modifications. The mixture including 1.5% Rediset® (2.81 grams) was slowly 
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poured into the 20% RAD-modified (187.50 grams) mixture and then placed on a heating plate 
set to 135oC. An electric drill with a mixing attachment was used to blend. Blending time was set 
to 20 minutes. This process was repeated for the remaining two mixture designs: 1.5% Rediset® 
(3.21 grams) was gradually added to the 30% RAS-modified (214.28 grams) mixture, and 1.5% 
(3.75 grams) Rediset® was added gradually to the 40% RAS-modified (250 grams) binder. 
 3.4.4 Evotherm® modification. The proportion of Evotherm® was 0.5% by weight of 
total mixture for Evotherm® modification. The mixture including 0.5% Rediset® (0.94 grams) 
was poured into the 20% RAD-modified (187.50 grams) mixture and then placed on a heating 
plate set to 135oC where the blending takes place. An electric drill with a mixing attachment was 
used for 20 minutes of blending. This process was then repeated for the remaining two mixture 
designs: 0.5% Evotherm® (1.07 grams) was gradually added to the 30% RAS-modified (214.28 
grams) binder and 0.5% Evotherm® (1.25 grams) was added to the 40% RAS-modified (250 
grams) binder. In all blending processes the shearing (rotational speed) was 400 rpm. 
3.5 Experiment Method 
 3.5.1 Viscosity measurements. The viscosity of the prepared specimens was measured at 
different temperatures and shear rates using a Brookfield viscometer (RV-DVIII Ultra) followed 
by the ASTM D4402 test procedure. To prepare the test specimens; after blending, two 
specimens were prepared from each modification by pouring 10.5 grams of blended binder into 
the tiny aluminum chambers shown in Figure 3.2. Altogether twenty-four specimens were 
prepared for viscosity measurements: one set (twelve) of specimens was for smooth spindle (SC 
27) and the second set (twelve specimens) was for vane spindle (V73) and these tubes 
(aluminum chambers) were then placed in the preheated Thermosel® for 30 minutes to reach 
thermal equilibrium. 
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Figure 3.2 Aluminum chambers used in this study 
 To investigate the properties of the modified binders, the viscometer was set to 
temperatures of 105oC, 120oC, 135oC, and 150oC at speeds of 5, 10, 20, 25, 50, and 100 rpm. 
The samples were then preheated by putting them into the Thermosel® set to the designated 
temperatures for an additional 20 minutes to ensure the achievement of thermal equilibrium. The 
test was run and the results recorded three times at 1-minute intervals to ensure the viscosity 
measurements were consistent. In this study two spindles (SC4-27 and Vane Spindle V73) were 
used to measure the mixture viscosity. Figure 3.3 shows a conventional oven used to preheat the 
samples in this study and Figure 3.4 shows the two different types of spindles used. Figure 3.5 is 
a typical blending mechanism used for blending (mixing) in this study. 
 
Figure 3.3 Conventional oven used to preheat the samples 
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         (a)        (b) 
Figure 3.4 (a) Smooth spindle SC 4-27 and (b) Vane spindle V73 
 
Figure 3.5 The bench-top high-shear mixer used for blending 
 3.5.2 Temperature susceptibility. Temperature susceptibility is a measure of how fast 
binder properties change with changes in temperature (Claudy & Martin, 1998). The temperature 
susceptibility of the RAS-modified asphalt blends was evaluated by developing temperature-
viscosity plots for the specimens prepared. If an asphalt binder has a high susceptibility to 
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temperature, its viscosity changes rapidly as the temperature changes. Asphalts with high 
temperature susceptibility are undesirable as they are more prone to undergo thermal and UV 
oxidation (Firoozifar & Foroutan, 2011). Therefore, it is important to quantify numerically the 
temperature susceptibility of the binders. The following equation has been commonly used to 
calculate temperature susceptibility (VTS; Rasmussen, Lytton, & Chang, 2002). 
 
 VTS = LogLog(η2)− LogLog(η1)
Log(T2)− Log(T1)
 ......................................................Equation 3.1 
where 
 T1 and T2 are the temperatures of the binder at known points in Rankin units (R), and 
 η1 and η2 are the viscosities of the binder at the known points (cp). 
The magnitude of the VTS is directly proportional to the temperature susceptibility of the asphalt 
binder. 
 3.5.3 Shear susceptibility. Shear susceptibility is defined as the rate of change in 
viscosity with the shear rate (Roberts et al., 1996). The shear susceptibility, also known as the 
shear index, is determined by calculating the slope of the line formed by a log of rotational speed 
versus the log viscosity graph using Equation 3.2 (Raouf & Williams, 2010 a). 
 
 SS = Log(Viscosity)
Log(Shear Rate)
 ........................................................................Equation 3.2 
where 
 viscosity is the measured deformation by shear or tensile stress, and 
 speed is the rate at which shear is applied to the material.  
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 Prior studies showed that binder with relatively small shear susceptibility (low gains in 
shear susceptibility relative to the increase in viscosity) result in better overall pavement 
performance (Roberts et al., 1996).  
 3.5.4 Blending index. Blending index is an indication of the degree of blending achieved 
between the oxidized binder in RAS and virgin binder. The blending index of the RAS-modified 
binder was evaluated using viscosity variation versus temperature. Using the difference between 
the two measurements at the same temperature and speed rate, a blending index was defined as 
follows: 
 BX =
LogLog(η(SC27))
Loglog(η(V73))
∗ LogLog(T) ∗ 100% ...........................Equation 3.3 
where 
 T is the temperature of the binder at known points expressed in degrees Celsius (oC), and 
 ηSC27 and ηV73 are the viscosities of the binder at known points (cP). 
3.6 Dynamic Shear Rheometer (DSR) Test 
 The dynamic shear rheometer (DSR) is an instrument used to characterize the viscous 
and elastic behaviors of asphalt binders at medium to high temperatures. This characterization is 
used in the superpave PG asphalt binder specification. Due to the viscoelastic nature of asphalt it 
behaves partly like an elastic solid (deformation due to loading is recoverable; is able to return to 
its original shape after load is removed) and partly like a viscous liquid (deformation due to 
loading is non-recoverable; it cannot return to its original shape after the load is removed). DSR 
measures an asphalt’s complex shear modulus (G*) and phase angle (δ). 
 The complex shear modulus is the ratio of total shear stress (ηmax-ηmix) to the total 
shear strain (γmax-γmin) and is considered to be the asphalt’s total resistance to deformation 
when repeatedly sheared. The phase angle is a measure of the response time between the applied 
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shear stress and the resulting shear strain. If asphalt was purely elastic, the phase angle would be 
zero degrees. If asphalt was purely viscous, the phase angle would be 90 degrees. Figure 3.6 
illustrates the relationship between the phase angle and time factor.  
 
Figure 3.6 Relationship between phase angle and the time. (Pavement interactive, 2011) 
 The complex shear modulus (G*) consists of two components: one is the storage modulus 
(G' the elastic component), and the other is the loss modulus (G'' the viscous component). Their 
relationship is illustrated in Figure 3.7.  
 
Figure 3.7 Relationship between strong modulus and loss modulus. (Pavement interactive, 2011) 
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 For asphalt binder to have rutting resistance, it must have high stiffness and elastic 
properties at high temperatures. Elasticity is defined as the property of being able to recover its 
original shape after being deformed by a load. The higher the G* value, the stiffer the asphalt 
binder is. Similarly, the lower the δ value is, the greater the elastic portion of G* is. Therefore, as 
part of the PG binder specification system, the parameter G*/Sin (δ) is specified to be a 
minimum value (1.0 kPa for un-aged binders and 2.2 kPa for RTFO-aged binders). 
 The methods in ASTM D7175-(2008) were followed to test the asphalt binder in the 
DSR. Eight mm diameter samples of each modification were inserted to create a sandwiched 
structure between two plates that load in a sinusoidal pattern at a rate of 10 radians/second (1.59 
Hz) while submerged in water. The specified DSR oscillation rate of 10 radians/second (1.59 Hz) 
was used to imitate the shearing action related to a traffic speed of about 55 mph (Pavement 
interactive, 2011). The composition of the samples for this test were: 
 20% RAS with PG 64-22, 
 20% RAS with PG 64-22 and 5% Bio-binder, 
 20% RAS with PG 64-22 and 1.5% Rediset®, and 
 20% RAS with PG 64-22 and 0.5% Evotherm®. 
 To prepare the samples, each blended binder was heated at 130oC for 10 minutes until it 
reached the liquid phase. Five grams of liquid binder was then poured into a round silicon mold 
(radius of 25 mm) and left 45 minutes at room temperature to solidify. Then specimen was 
placed between the two plates of the rheometer and the oscillatory Dynamic Shear Rheometer 
test was conducted. The data obtained from DSR test was analyzed and presented in section 4.7 
of chapter Four. 
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CHAPTER 4 
Results and Discussion 
 In this chapter data from the experiments conducted in the large-scale viscosity tests are 
analyzed. First, the viscosity tests and results using spindle SC 27 will be explained. The 
viscosity tests and results measured using spindle V73 will then be explained and a comparison 
made between the rheological properties revealed with the SC27 & V73 spindles. Using the 
empirical relationships of the blending index, all modified binders blending indices are 
discussed. 
4.1 Rheological Characterization of Binders Utilizing Spindle SC27 
 These experiments were designed to characterize the rheological properties of RAS-
modified binders with or without the incorporation of amine-based modifier. The experiments 
were conducted using a Brookfield rotational viscometer following the ASTM D4402 test 
procedure (ASTM International, 2013). To complete the test the following test combinations 
were made and run at different temperatures and shear rates (rpm): 
 recycled asphalt shingles (RAS) and virgin asphalt binder (PG 64-22); 
 recycled asphalt shingles (RAS), virgin asphalt binder (PG 64-22), and Rediset®; 
 recycled asphalt shingles (RAS) , virgin asphalt binder (PG 64-22), and Evotherm®; and 
 recycled asphalt shingles (RAS), virgin asphalt binder (PG 64-22), and bio-binder. 
 The RAS was incorporated as 20%, 30%, and 40% of the mixture by weight and blended 
with PG 64-22 separately for each percentage. Rediset®, Evotherm®, and Bio-binder were then 
blended with these mixtures according to the pre-determined proportions. The temperatures were 
varied in this test to105oC, 120oC, 135oC, and 150oC and shear rates of 5, 10, 20, 25, 50 and 100 
rpm were applied as per the experimental design. 
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 4.1.1 Rheological characterization of RAS modified binders. The influence of RAS in 
virgin binder at different temperatures and shear rates was investigated and is shown graphically 
in Figures 4.1 and 4.2. The viscosity increased as RAS were incorporated into virgin binder. The 
viscosity of RAS-modified binder was found to be higher than the virgin binder or unmodified 
binder. When the temperature was increased the viscosity was decreased in all cases (either 
RAS-modified or non-modified). As seen in Figure 4.1, at a temperature of 105oC the viscosity 
of RAS-modified binders was higher than the control sample, and at a temperature of 150oC, the 
viscosity of the RAS-modified binders was still higher than the control but the viscosity value 
was less than the viscosity measured at a lower temperature. These results suggest that viscosity 
decreased when mixing temperature was increased. 
 
Figure 4.1 Viscosity vs. Temperature for RAS-modified Mixtures at 20 rpm 
Figure 4.2. Shows the viscosity of the RAS-modified binders measured at a rotational 
speed of 25 and at different temperatures with spindle SC 27. In this figure, all modified 
mixtures showed higher viscosities than the non-modified (control) mixtures at all temperatures. 
Comparison of the values measured at 20 rpm and 25 rpm shows that the viscosity values at 25 
rpm are less than the values at 20 rpm. This reveals that when rotational speed was increased the 
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viscosity decreased. Therefore, it can be said that the RAS modification can increase binder 
viscosity. Furthermore, the viscosity increased with increasing RAS percentages and decreased 
with increases in the mixing temperature and the shear rate of the spindle. 
 
Figure 4.2 Viscosity vs. Temperature for RAS-modified mixtures at 25 rpm 
 4.1.2. 20% RAS-modified binder with and without modifiers. In this study three 
amine-based modifiers were used to improve the properties of the RAS modified binder. 
Rediset® and Evotherm® are commercial modifiers and the doses used were those specified by 
the manufacturers. In contrast, bio-binder is a modifier produced in the lab by the author by 
thermo chemical liquefaction of swine manure, and doses used were those specified in past 
research. The rheological properties of the binders prepared by incorporation of the modifiers 
were characterized. In Figure 4.3, all modified binders are shown to have lower viscosities than 
the non-modified binders. At lower temperatures each binder had a higher viscosity value than 
that found at the higher temperatures. At each temperature bio-modified binder had a lower 
viscosity than Rediset®-modified and Evotherm®-modified. Therefore, it can be said that bio-
binder can effectively reduce the binder viscosity. This trend was consistent for all other speeds 
tested. 
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Figure 4.3 Viscosity vs. Temperature of 20% RAS-modified binder with and without modifiers 
at 20 rpm by SC 27  
 In Figure 4.4, all binders’ viscosities are decreased compared to the values in Figure 4.3. 
For example, for the bio-binder at 105oC the value dropped from 3600 to 3500 cP because of the 
change in shearing rate. This phenomenon was found in all modified and non-modified binders. 
 
Figure 4.4 Viscosity vs. Temperature of 20% RAS-modified binder with and without modifiers 
at 25 rpm by SC27 
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 4.1.3. 30% RAS-modified binder with and without modifiers. Rheological properties 
were studied for 30% RAS-modified mixture with and without incorporation of Rediset®, 
Evotherm®, and Bio-binder at different temperatures and shear rates. The results are shown in 
Figures 4.5 and 4.6. In each figure it can be seen that the viscosities decreased with incorporation 
of modifiers in RAS-modified binders. The viscosities were decreased by increasing the 
temperature and shear rate in all modified and non-modified binders. This change of viscosity 
can be seen clearly in Figure 4.5 for shear rate 20 and Figure 4.6 for shear rate 25, respectively. 
 
Figure 4.5 Viscosity vs. Temperature of 30% RAS-modified binder with and without modifiers 
at 20 rpm by SC27 
Additionally, in Figure 4.6 it can be seen that the viscosity decreased with increasing 
temperature and shear rate but the rate of viscosity decreases is decreased when temperature was 
increased. At a temperature of 105oC the changes in viscosity between the binders are high 
compared to those found at a temperature of 150oC. 
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Figure 4.6 Viscosity vs. Temperature of 30% RAS-modified binder with and without modifiers 
at 25 rpm by SC27 
 4.1.4. 40% RAS-modified binder with and without modifiers. Similar studies were 
conducted for 40% RAS-modified binder with Rediset®, Evotherm®, and Bio-binder 
incorporated. The results are shown in Figure 4.7 and Figure 4.8 at 20 rpm and 25 rpm, 
respectively. 
 
Figure 4.7 Viscosity vs. Temperature of 40% RAS-modified binder with and without modifiers 
at 20 rpm by SC27 
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Figure 4.8 Viscosity vs. Temperature of 40% RAS-modified binder with and without modifiers 
at 25 rpm by SC27 
 In both figures it can be seen that the viscosities decreased with incorporation of 
modifiers into the mixtures. Based upon all of the figures 4.3 to figure 4.8 it was determined that 
bio-binder-modified binders have the lowest viscosity at all tested temperatures and rotational 
speeds compared to the other modified or non-modified binders. 
4.2 Rheological Characterization of Binders Utilizing Spindle V73 
 In this study the entire experiment was repeated for spindle V73 following the same 
procedures and using the same machine (Brookfield viscometer). The only difference was the 
spindle used. 
 4.2.1. 20% RAS-modified binder with and without modifiers. The influence of 
modifiers Rediset®, Evotherm®, and Bio-binder in 20% RAS mixtures at different temperatures 
and shear rates was investigated. Figures 4.9 and 4.10 reveal the viscosity changes measured at 
various temperatures at shear rates of 20 and 25 rpm, respectively. It can be seen that the 
viscosity of all specimens decreases with increases in temperature. This trend was consistent for 
all designated rotational speeds. 
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Figure 4.9 Viscosity vs. Temperature of 20% RAS-modified binder with and without modifiers 
at 20 rpm by V73 
 
Figure 4.10 Viscosity vs. Temperature of 20% RAS-modified binder with and without modifiers 
at 25 rpm by V73 
When spindle V73 was used, all measured viscosities were higher than those measured 
using spindle SC27. As shown in Figure 4.9, all modified binders have lower viscosities than the 
non-modified (MB-20-N) binders. The bio-modified binders showed the lowest values compared 
to the other binders. The bio-binder can effectively lower the binder viscosity from 12900 to 
5000; Rediset® then lowered the binder viscosity to 8100, and, similarly, Evotherm® lowered 
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the viscosity to 9000 at 105oC. This same trend is also seen in Figure 4.10 at a shear rate of 25 
rpm. 
 4.2.2. 30% RAS-modified binder with and without modifiers. Increases in the RAS 
percentage caused increased viscosity in binders. Thirty percent RAS content binders had higher 
viscosity values than those measured below 30%. In Figures 4.11 and 4.12 it can be seen that 
higher viscosities were found compared to the values shown in Figures 4.9 and 4.10. 
As shown in Figure 4.11 the non-modified (MB-30-N) binder has a higher viscosity than 
the modified binders. In addition of modifiers into mixture helps to decrease the viscosity of the 
mixture. In all cases the Bio-binder reduced viscosity more than the mixtures of Rediset® and 
Evotherm® seen in Figure 4.11; at a temperature of 105oC Bio-binder reduced binder viscosity 
57%, Rediset® reduced binder viscosity by 30%, and Evotherm® reduced binder viscosity by 
15%. However, compared to the values measured at a temperature of 120oC, these percentages 
are low. At 150oC all modifiers showed approximately equal changes in percentage of viscosity 
because at higher temperatures all binders are in equal liquidity phases.  
 
Figure 4.11 Viscosity vs. Temperature of 30 % RAS-modified binder with and without modifiers 
at 20 rpm by V73  
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The same trend is shown in Figure 4.12, but the values are lower than the values seen in 
Figure 4.11 because the shear rate also affects the viscosity of the binders. Higher shear rates 
result in lower values and vice versa.  
 
Figure 4.12 Viscosity vs. Temperature of 30% RAS-modified binder with and without modifiers 
at 25 rpm by V73 
 4.2.3. 40% RAS-modified binder with and without modifiers. The rheological 
properties of the binder prepared with 40% RAS and incorporation of all modifiers were 
investigated utilizing spindle V73. Figures 4.13 and 4.14 show the changes in viscosity as a 
function of temperature and shear rate. Concentration of 40% RAS increases the binder viscosity 
but incorporation of other modifiers led to decreases in viscosity.  
 As seen in Figure 4.13, at a temperature of 105oC the binder without modifiers (MB-40-
N) measured 18000 cP at a shear rate of 20 rpm, and 15000 cP at a shear rate of 25 rpm (Figure 
4.14), but at 150oC, viscosity was 825 cP at 20 rpm and 800 cP at 25 rpm, values which are very 
close compared to the differences measured at other temperatures. Therefore, it can be said that 
the temperature and the shear rate are the main components affecting the rheological properties 
of the binders or mixtures.  
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Figure 4.13 Viscosity vs. Temperature of 40% RAS-modified binder with and without modifiers 
at 20 rpm by V73 
 
Figure 4.14 Viscosity vs. Temperature of 40% RAS-modified binder with and without modifiers 
at 25 rpm by V73 
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two Spindles. 
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rpm were used. The graphical representations are shown in Figures 4.15 through 4.18. Each of 
the binders is shown separately at 20% RAS content and a shear rate of 20 rpm. 
 In Figure 4.15, it is seen that the viscosity measured from V73 was very high compared to 
the viscosity measured with SC 27. At a temperature of 105oC, the viscosity measured with the 
V73 spindle is 2.26 times greater than that measured with the SC 27 spindle. Similarly, at 120oC 
V73 measurements are 2.25 times greater than the values obtained with the SC 27 spindle, at 135oC 
V73 values were 1.9 times greater than the values obtained with the SC 27 spindle, and at 150oC 
V73 measurements were 1.8 times greater than the values obtained with the SC 27 spindle. As 
temperature increased the rate and magnitude of change both decreased. 
 
Figure 4.15 Measured viscosities of RAS-modified binder at 20 rpm using two spindles 
Figure 4.16 is a graph for the Evotherm®-modified binder at a shear rate of 20 rpm for 
two different spindles. The results show that the values measured with the V73 spindle were 
higher than the values measured with the SC27 spindle at all temperatures. The values were 2, 
1.9, 1.5, and 1.3 times greater than those obtained with spindle V73 when measured at 
temperatures of 105oC, 120oC, 135oC, and 150oC, respectively.  
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Figure 4.16 Measured viscosities of Evotherm®-modified binder at 20 rpm by two spindles 
 Here it can be seen that the difference between the two spindle values measured 
decreased as the temperature was increased in steps from 105oC to 150oC. 
The graph shown in Figure 4.17 is the viscosity measured using two different spindles for 
the same specimen modified by the amine-based modifier Rediset®. The results show that at all 
designed temperatures the vane spindle measured higher values than the smooth spindle.  
 
Figure 4.17 Measured viscosities of Rediset®-modified binder at 20 rpm by two spindles 
 At a temperature of 105oC V73 measured 2 times greater than SC27; similarly, at 120oC 
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it was also 2 times greater; at 135oC it was 1.75 times greater; and at 150oC it was 1.8 times 
greater. 
The same trend can be seen in Figure 4.18 in the case of Bio-modification. In this 
modified binder both spindles measured less viscosity at all temperatures compared to the other 
modified binders. However, higher values of viscosities were recorded using the vane spindle 
than the smooth spindle. At a temperature of 105oC the vane spindle recorded viscosities 1.35 
times greater than the values obtained with the smooth spindle. Similarly, at 120oC, 135oC, and 
150oC the vane spindle measured viscosity values 1.3, 1.4, and 1.2 times higher than the smooth 
spindle values. Analysis revealed the difference in rates between RAS-modified binders with and 
without amine-based modifiers. The difference in the rates of viscosity measured with the two 
spindles was highest in RAS-modified binder, followed by the Evotherm®-modified binder, the 
Rediset®-modified binder, and lowest in the Bio-modified binders. Among the binders tested, 
the Bio-modified binder showed the best results. 
 
Figure 4.18 Measured viscosities of bio-modified binder at 20 rpm by two spindles 
After studying the relative effectiveness of the two spindles it is clear that the vane (V73) 
spindle could measure higher viscosity values than the smooth spindle in all kinds of binders. 
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Therefore, the vane spindle is more effective when evaluating the rheological properties of the 
binders because of it measured more significant value than smooth spindle.  
4.4 Viscosity Temperature Susceptibility (VTS) 
The viscosity temperature susceptibility of all modified and non-modified binders was 
evaluated separately from the data gathered using the two different types of spindles at 20 rpm 
and calculated values are summarized in table 4.1 and table 4.2 separately. 
Table 4.1 
VTS Values of all Modified and Non-Modified Binders at 20 rpm Measured by SC27 Spindle 
Temperature Viscosity Temperature Susceptibility of all binders at 20 rpm by SC27 
RAS concentration Modifiers 
N E R B 
105 20 - - - - 
120 -1.01 -0.97 -1.05 -1.02 
135 -1.12 -1.14 -0.93 -1.14 
150 -1.14 -0.95 -1.17 -0.98 
105 30 - - - - 
120 -1.02 -1.01 -0.85 -1.02 
135 -1.13 -0.93 -1.16 -1.08 
150 -1.14 -1.22 -1.14 -1.16 
105 40 - - - - 
120 -2.05 -0.94 -1.02 -0.92 
135 -2.11 -1.13 -1.04 -1.13 
150 -2.15 -1.12 -1.21 -1.15 
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 In table 4.1, the Viscosity Temperature Susceptibility values obtained utilizing spindle 
SC27 are summarized. From the table 4.1 it can be cleared that all modified binders have lower 
VTS than non-modified binder in addition among them, Bio-modified binder showed the lowest 
VTS indicating that Bio-binder is less susceptible in temperature. Same result can be seen in case 
of the viscosity temperature susceptibility obtained by utilizing vane spindle (V73) which is shown 
in table 4.2. 
Table 4.2 
VTS Values of all Modified and Non-Modified Binders at 20 rpm Measured by V73 Spindle 
Temperature Viscosity Temperature Susceptibility of all binders at 20 rpm by V73 
RAS concentration Modifiers 
N E R B 
105 20 - - - - 
120 -0.92 -0.99 -0.98 -1.02 
135 -1.20 -1.00 -1.29 -0.99 
150 -0.92 -1.02 -1.12 -1.14 
105 30 - - - - 
120 -0.95 -0.94 -0.89 -0.88 
135 -1.03 -1.03 -1.03 -1.10 
150 -1.12 -1.01 -1.23 -1.21 
105 40 - - - - 
120 -1.11 -0.90 -1.06 -0.81 
135 -0.98 -1.05 -1.07 -1.02 
150 -1.10 -1.12 -1.11 -1.48 
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In this study the viscosity temperature susceptibility was evaluated using two set ups; in 
the first configuration, the VTS of the same binder incorporated into three different percentages 
(20, 30, and 40) of RAS content was evaluated. In the second setup, the VTS of different binders 
incorporated into the same percentage of RAS content was determined. 
 4.4.1 VTS of same binder in different percentages of RAS. Figures 4.19 and 4.20 are 
graphical plots of the VTS for non-modified and Bio-modified binders at 20%, 30%, and 40% 
RAS content. Figure 4.19 shows the VTS plot for the two different spindles for the same binder 
without amine-based modifiers. The plot shows that the values of VTSs measured with the vane 
spindle are higher than those obtained using the smooth spindle. VTS values increased as the 
RAS percentage in the mixtures increased. In Figure 4.19, 20% RAS-modified binder was less 
susceptible to temperature. However, in both cases, as temperature increased the temperature 
susceptibility decreased in each combination of RAS. Therefore, it can be said that out of the 
three RAS concentrations the lowest concentration has the lowest temperature susceptibility 
compared to the highest concentration of RAS in the binder/mixtures. 
 
Figure 4.19 VTS for all RAS-modified binders without modifiers at 20 rpm 
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The VTSs were evaluated for all amine-based modifiers separately. All modified binders 
showed a similar trend in that the Bio-modified binder showed lower VTS values than the 
Rediset®- and Evotherm®-modified binders. In Figure 4.20, the VTSs of Bio-binder modified 
with three percentages of RAS is shown. The Bio-binder modified with 20% RAS was less 
susceptible to temperature than the mixes containing 30% and 40% RAS. Furthermore, the VTSs 
were lower in data obtained with the smooth spindle compared to the vane spindle measured at 
all temperatures. Therefore, it can be concluded that low concentrations of RAS in the mixture 
were less susceptible to temperature for cases with and without incorporation of amine-based 
modifiers.  
 
Figure 4.20 VTS for all RAS modified binder with 5% of bio- binder at 20 rpm 
 4.4.2 VTS of different binder in same percentage of RAS. The VTS for mixes with 
and without incorporation of amine-based modifiers at the same concentration of RAS were 
evaluated using two different spindles and the results are shown in Figure 4.21 through 4.23. To 
study the viscosity temperature susceptibility of all binders at 20% RAS content at different 
temperatures, all log (log (viscosity)) versus Log (temperature) data measured with the two 
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spindles were plotted in Figure 4.21. It was observed that vane spindle measured data have 
higher VTS values than the smooth spindle measured data. The common finding in the data 
measured with both spindles was that the binders without incorporated amine-based modifiers 
have higher VTS values than all other modifiers’ binders. Evotherm® showed the second highest 
VTS among the others at 20% RAS content binders. The Rediset® had lower values and the 
lowest VTS values were observed in Bio-modified binder with 20% RAS in both spindle cases. 
This result was true for all rotational speeds evaluated with the same modification (concentration 
of RAS). The Rediset®-modified and Evotherm®-modified binders showed closer values across 
the temperature range used. It can be said, therefore, that 20% RAS with PG 64-22 modified by 
5% bio-binder was less temperature susceptible than those modified with 1.5% Rediset® and 
0.5% Evotherm®. As RAS percentages increased the VTS of the binders increased and can be 
justified by evaluation of Figure 4.21. 
 
Figure 4.21 VTS for all 20% RAS content binders with and without modifiers at 20 rpm 
In Figure 4.22, all amine-based modifiers were added to a mixture containing 30% RAS 
with PG 64-22. VTS values at every temperature went up faster than the values found in Figure 
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4.19 (modification with 20% RAS plus PG 64-22), but the trend was similar, as increases in 
temperature decreased the temperature susceptibility. Among all of the binders the Bio-modified 
binder showed the lowest viscosity temperature susceptibility in both the smooth- and vane-
spindle cases. Furthermore, VTS was evaluated for the amine-based modifiers modified and 
unmodified binder with 40% RAS content binders by utilizing smooth and vane spindles. The 
results are shown graphically in Figure 4.23. Similar trends were found in 20% and 30% RAS 
content binders. All vane spindle measurements produced higher VTS values compared to the 
smooth spindle measurements of VTS at all temperatures. However, the temperature 
susceptibility was decreased as the temperature increased for all binders. Bio-modified binder 
was found to be less temperature susceptible than the other binders. 
 
Figure 4.22 VTS for all 30% RAS content binders with and without modifiers at 20 rpm 
Based on these VTS results it can be said that temperature susceptibility varies with the 
concentration of the impurities (in this case recycled asphalt shingles). Higher RAS content 
mixtures were more temperature susceptible and lower RAS content mixtures were less 
temperature susceptible. In this study, 20% RAS content binders were less susceptible than the 
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30% RAS, and then 40% RAS, content binders. Additionally, incorporation of additives/ 
modifiers in the mixture helped make the mixture less temperature susceptible at all temperatures 
and rotational speeds. 
 
Figure 4.23 VTS for all 40% RAS content binders with and without modifiers at 20 rpm 
 In this study, Evotherm® made the mixture less temperature susceptible than the non-
modfied samples, Rediset® made the mixture less temperature susceptible than Evotherm®, and, 
finally, Bio-binder made the mixture less temperature susceptible than other binders. Therefore, 
it can be said that Bio-binder seemed to be a good modifier in the sense of viscosity temperature 
susceptibility for all percentages of recycled asphalt shingles content binders. 
4.5 Shear Susceptibility 
 Shear susceptibility of all the binders was evaluated by utilizing the smooth spindle 
measured data. The shear susceptibility was plotted as log (shear rate) versus log (viscosity) at 
temperatures of 105oC, 120oC, 135oC, and 150oC. Results obtained at a temperature of 135oC are 
illustrated in table 4.3 and graphically shown in Figures 4.24 through 4.27. 
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 The Shear Susceptibility of the modified and non-modified binders obtained using spindle 
SC4-27 at 135oC are summarized in table 4.3. All modified binders have lesser Shear 
Susceptibility than non-modified binders. Among them Bio-modified binder has lowest Shear 
Susceptibility. 
Table 4.3 
Shear Susceptibility of all Modified and Non-Modified Binders at 135oC 
RAS 
concentration 
Shear Susceptibility (SS) of all binders at 135oC 
Shear rate Modified binders 
N E R B 
20 % RAS 1.70 1.71 1.71 1.69 1.63 
3.40 0.84 0.84 0.84 0.80 
6.80 0.42 0.41 0.41 0.40 
8.50 0.34 0.33 0.32 0.32 
30 % RAS 1.70 1.75 1.75 1.70 1.65 
3.40 0.87 0.87 0.85 0.82 
6.80 0.43 0.43 0.42 0.41 
8.50 0.34 0.35 0.33 0.33 
40 % RAS 1.70 1.76 1.76 1.75 1.72 
3.40 0.88 0.87 0.87 0.85 
6.80 0.44 0.43 0.43 0.42 
8.50 0.35 0.35 0.34 0.34 
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An analysis of Figure 4.24 reveals that the shear susceptibility for 40% RAS-modified 
binder (MB-40-N) was more consistent than other percentages of RAS-modified binders. 
However, the values are in decreasing order as the shear rate increased, and none of the binders 
showed momentary fluctuations in value which suggests stability. A gradual decrease in shear 
susceptibility can occur at all other temperatures. 
 
Figure 4.24 Shear susceptibility of RAS-modified binder without modifiers at 135oC 
Shear susceptibility was studied for the same RAS content binder influenced by three 
modifiers and is plotted separately in Figures 4.25 through 4.27 for data gathered at 135oC. In 
Figure 4.25 a plot of shear susceptibility of Bio-binder mixed with 20% RAS and PG 64-22 at 
135oC is shown. It also followed the same trend as increasing the shear rate decreased the shear 
susceptibility. Here, 30% RAS (MB-30-B) showed a more consistent result than 20% (MB-20-B) 
and 40% RAS content mixtures (MB-40-B). In Figure 4.26 it is shown that the shear 
susceptibility of different RAS content mixtures influences the 0.5% Evotherm® formulations at 
135oC. The plot showed the consistent results in 30% (MB-30-E) and 40% RAS content 
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mixtures (MB-40-E) than the 20% RAS content mixture (MB-20-E). However, the shear 
susceptibility decreased with increasing shear rate. 
 
Figure 4.25 Shear susceptibility of all RAS-modified mixture with 5% bio-binder at 135oC 
 
Figure 4.26 Shear susceptibility of all RAS-modified mixtures with 0.5% Evotherm® at 135oC 
Figure 4.27 shows the shear susceptibility plot of Rediset®-modified binder with 
different RAS contents at 135oC. This showed that the Rediset® blend with 30% RAS (MB-30-
R) was more consistent than the 20% (MB-20-R) and 40% RAS content (MB-40-R). Therefore, 
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from all of these figures it can be concluded that all the modified binders follow a similar trend: 
increases in the shear rate decrease the shear susceptibility. However, the 30% RAS content 
mixture blended with modifiers showed the most consistent results shear rates were changed. 
 
Figure 4.27 Shear susceptibility of all RAS-modified mixtures with 1.5% Rediset® at 135oC 
4.6 Blending Index (Bx) 
As a part of the investigation of the properties of the binders, the blending index (Bx) of 
each mixture was calculated using Equation 3.3. The results for each modified binder at 20%, 
30%, and 40% RAS and 20 rpm are summarized in table 4.4 and graphically plotted in Figures 
4.28 to 4.30. 
In figure 4.28 the blending indices of the modified binders incorporating 20% RAS at 20 
rpm and four different temperatures are shown. From the plot, it is clear that all three modified 
binders incorporating modifiers have higher blending indices than the mixture containing only 
RAS-modified binder. Bx values increased with increasing temperature. Among them, Bio-
modified binder showed higher Bx values than Evotherm®- and then Rediset®-modified 
binders. In the case of the Bio-modified binder (MB-20-B) the blending index values increased 
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from 29.7 to 32.5 when temperature was changed from 105oC to 150oC, which is a 2.8% 
difference. Similarly, in Evotherm®-modified binder (MB-20-E) a 3.4% increase was measured, 
and in Rediset®-modified binder (MB-20-R), Bx values increased 1.7% between data points 
acquired at temperatures of 105oC to 150oC. 
Table 4.4 
Blending Indices of all Modified and Non-Modified Binders at 20 rpm  
Temperature Blending index (Bx) Values for all specimens at 20 rpm 
RAS 
concentration 
Modifiers 
N E R B 
105 20 28.60 28.72 28.69 29.71 
120 29.26 29.70 29.42 30.80 
135 30.19 30.92 30.39 31.18 
150 30.06 32.15 30.44 32.45 
105 30 28.91 28.93 28.71 29.54 
120 29.67 29.54 29.96 30.13 
135 30.09 30.60 30.30 30.99 
150 30.57 31.22 30.40 31.80 
105 40 28.52 28.71 29.02 29.85 
120 29.77 30.05 29.62 30.61 
135 30.23 30.66 30.38 31.11 
150 30.66 31.24 30.62 32.92 
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Figure 4.28 Bx for all 20% RAS contain modified binders at different temperatures 
 In Figure 4.29 the blending index of all amine-based modified and non-modified binders 
incorporating 30% RAS at different temperatures and 20 rpm were plotted. The plot showed that 
the blending index of modified binders is higher than the Bx of unmodified binder. The blending 
index at 150oC is higher than the other temperatures for Evotherm®, Rediset®, and bio-modified 
binders.  
 
Figure 4.29 Bx for all 30% RAS modified binders at different tmperatures 
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 The increment in Bx from 105oC to 150oC for Rediset®-modified binder is 1.18%, in 
Evotherm®-modified binder it is 2.0%, and for Bio-binder modified binder it is 2.3%. The 
change in the Bx values in the case of Bio-binder is higher than the other two cases; therefore, 
comparatively, bBio-binder showed better results in this study. 
 A similar trend was seen in the 40% RAS content binder (see Figure 4.30). 
 
Figure 4.30 Bx for all 40% RAS modified binders at different temperatures 
As a part of this study, the blending index of all binders at 135oC was calculated to 
determine the best percentage of RAS in hot mix asphalt. The results showed that 20% tear-off 
RAS would be the best percentage to use in HMA because in all cases it showed higher Bx 
values than 40% RAS content binders and then 30% RAS content binders. The values are plotted 
in Figure 4.31. The graph shows that the blending values were higher in 20% RAS than in 40% 
and 30% RAS. This finding indicates that lower RAS content results in more homogeneity in the 
binder because adding less impurity containing fluid lets it act more like a Newtonian fluid. 
Actually, the idea behind this study is based on the concept that Newtonian fluids (homogeneous 
mixtures) ultimately have a higher blending index. Furthermore, it was expected that levels 
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below 20% RAS should have higher blending indices which can be justified by evaluating the 
trend in Figure 4.31. 
 
Figure 4.31 Change of Bx of all modified binders at 135oC 
4.7 Dynamic Shear Rheometer (DSR) Test 
A dynamic shear rheometer (DSR) was utilized to measure the binders’ viscoelastic 
properties. Twenty-percent recycled asphalt shingles, containing mixtures with or without 
modifiers, were used to measure viscoelastic properties. The results are plotted in Figures 4.32 
through 4.34. In figure 4.32, the plot shows the changes in the complex modulus (G*) values at 
different frequencies. The complex modulus was increased with increases in the reduced 
frequency or decreases in temperature. It can be seen that the G* of all modified binders is 
greater than the control binder. This indicates that the RAS makes binder stiffer, as higher G* 
values indicate more stiffness and lower G* values indicate less stiffness. 
 Furthermore, incorporation of amine-based modifiers improved the softness of the binder. 
As seen in Figure 4.32, at all reduced frequencies RAS-modified binders (MB-20-N) showed 
higher complex modulus values than the other modified binders. The Rediset® (MB-20-R) and 
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Evotherm® (MB-20-E) content binders showed similar results at all reduced frequencies; 
however, in the case of Bio-binder (MB-20-B), higher G* values occurred at lower frequencies, 
and lower G* values at higher frequencies than the other modified binders. 
 
Figure 4.32 Master curve of 20% RAS-filled mixture for unmodified and modified binders 
Figure 4.32 was evaluated in more detail by plotting it on an expanded scale. Figures 
4.32(a) and 4.32(b) are separate plots of the master curve at the higher and lower reduced 
frequencies or it can say higher and lower temperature. It was observed that at higher frequencies 
all modified binders showed higher values of G*, but comparatively bio-modified binders 
showed lower G* values, indicating that the stiffness of the binder is reduced. Similarly, the 
master curve was plotted for all modified binders at lower reduced frequencies (higher 
temperature) and is shown in Figure 4.32(b). At lower reduced frequencies the Bio-modified 
binder showed higher G* values indicating that the binder made the material stiffer. At lower 
reduced frequencies or high temperature incorporation of RAS may not cause distress (cracking) 
on the pavement, but it may be the cause of the distress on the pavement at higher reduced 
frequency or lower temperatures. This distress can be reduced by introducing the bio-binder in 
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RAS-modified hot mix asphalt because Bio-binder showed best performance (result) at lower 
temperature to reduction of the stiffness of the mixture by lowering the complex modulus (G*) 
value.  
 
Figure 4.32(a) Master curve of 20% RAS-filled mixture for non-modified and modified binders 
at higher reduced frequencies 
 
Figure 4.32(b) Master curve of 20% RAS-filled mixture for unmodified and modified binders at 
lower reduced frequencies 
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 And Figure 4.33 shows plots of the complex shear modulus (G*) of all binders at a 
temperature of 64oC and a frequency of 1.67E+00 as specified in the superpave criteria. G* can 
be considered the sample’s total resistance to deformation when repeatedly sheared and also 
indicates the binders’ stiffness; in Figure 4.33 Bio-binder modifications showed the lowest 
modulus (G*) compared to the other modifications. 
 
Figure 4.33 Complex modulus of the binders at 64oC and a frequency of 1.67E+00 
 Therefore, it can be said that Bio-binder improved the softness of the binder. In Figure 
4.34 the phase angle of all binders at a temperature of 64oC and a frequency of 1.67E+00 are 
shown. Phase angle (δ) is the log between the applied shear stress and the resulting shear strain 
and indicates whether the binder is more viscous or elastic. Higher values indicate a material is 
more viscous and lower values indicate more elasticity. 
As shown in Figure 4.34, all modified binders have lower phase angle values than the 
non-modified binders. This indicates that the amine-based modifiers made the binders more 
elastic. However, among these, the Bio-binder modified binder has the lowest phase angle value.  
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Figure 4.34 Phase angle of the binders at 64oC and a frequency of 1.67E+00 
It can be said that elasticity improved means there is good blending of the ingredients in 
the mixtures/binders. Therefore, Bio-binder can enhance blending in a mixture. 
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CHAPTER 5 
Conclusion and Future Research 
5.1 Summary 
This research was undertaken to evaluate the rheological characteristics of mixtures 
prepared by the addition of various percentages of recycled asphalt shingles into virgin asphalt 
with or without the incorporation of amine-based modifiers. The effectiveness of the spindles 
used to measure the viscosity of the modified mixtures was also investigated. Three (20%, 30%, 
and 40%) RAS-filled viscous media were prepared with or without incorporation of amine-based 
modifiers. A Brookfield viscometer was utilized to measure the viscosity of these binders using 
two different spindles. 
In total, 24 specimens were made and the viscosity of each specimen was measured at 
four different temperatures and six different shearing rates. In this study a dynamic shear 
rheometer (DSR) test was also conducted on four specimens which were prepared with or 
without the incorporation of three amine-based modifiers at 20% RAS-filled media. All tests 
were conducted at the Civil Engineering Lab at North Carolina A & T State University. 
The RV test was used to measure viscosity, which is the rate of deformation due to an 
applied shear or tensile stress. For each sample, an RV test was run three times to ensure 
accuracy with a fixed temperature and a fixed shear rate. These three readings were then 
tabulated, and the mean and coefficient of variation were calculated. The temperature was kept 
constant for five different shear rates, each of which was measured three times. This test was 
used to determine the rheological properties (temperature susceptibility, shear susceptibility, and 
blending index) of the samples. 
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 The DSR test was used to measure viscoelastic properties, shear modulus (G*), and the 
phase angle (δ) of the mixtures prepared with and without amine-based modifiers. A small 
sample with an 8 mm diameter was prepared from each binder and placed (“sandwiched”) 
between the two plates of the rheometer. The test specimens were kept at near constant 
temperatures by heating and cooling a surrounding environmental chamber. The top plate 
oscillated at 10 rad/sec (1.59 Hz) in a sinusoidal wave form while the equipment measured the 
maximum applied stress, the resulting maximum strain, and the time lag between them. The 
software then automatically calculated the complex modulus (G*) and phase angle (δ). Much of 
the procedure is automated by the test software. 
 An empirical relationship between viscosity and temperature was proposed to measure 
the blending index of the mixtures based on the measured viscosity using two different spindles 
at the same temperature. The results of this portion of the research study are listed below. 
5.2 Observation and Conclusions 
 The purpose of this study was to evaluate the effect of specific amine-based modifiers in 
partially filled viscous media on the basis of changes in rheological properties. Based on the test 
results for amine-based modifiers modified asphalt, the following conclusions can be made: 
 Viscosity increased with the addition of recycled asphalt shingles into virgin asphalt 
binder (PG 6.4-22) and the increasing viscosity correlated with increases in the 
percentage of recycled asphalt shingles added. 
 The viscosity of the binder was decreased with increases in the mixing temperature and 
increases in the shear rate. Furthermore, the viscosities were decreased with incorporation 
of the amine-based modifiers into RAS-filled mixtures. 
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 Among the three modifiers (Bio-binder, Rediset®, and Evotherm®), Bio-binder can 
effectively reduce the viscosity of the binders at all temperatures (105oC, 120oC, 135oC, 
and 150oC) and all rotational speeds. 
 In all modified and non-modified binders, use of the vane spindle (V73) resulted in 
higher measured viscosities than those measured using the smooth spindle (SC27). 
 The coefficient of variation of the measured viscosities was significantly lower in the 
case of the vane spindle versus the smooth spindle, indicating that the vane spindle was 
more appropriate for measuring the viscosity of the mixtures/binders. 
 The viscosity temperature susceptibility (VTS) of the binder was increased by increasing 
the percentage of RAS added to the virgin asphalt. Using either spindle, 20% RAS-
modified binder was less temperature susceptible than 30% and 40% RAS-modified 
binders at all temperatures and rotational speeds. 
 Rediset®, Evotherm®, and Bio-binder modifiers reduced the VTS of the binders. Among 
them, Bio-binder reduced the VTS effectively when using either spindle. Overall, use of 
the vane spindle resulted in higher measured VTS values than use of the smooth spindle. 
 The shear susceptibility for 40% RAS-modified mixture was more consistent than the 
30% and 20% RAS-modified mixtures. 
 The overall shear rate dropped when 5% Bio-binder, 1.5% Rediset®, or 0.5% 
Evotherm® was added into mixtures (PG 64-22 and RAS) tested at 135°C. 
 The shear susceptibility of the Bio-modified binder was found to be more consistent in all 
percentages of RAS compared to the Rediset®- and Evotherm®-modified binders. 
 The blending index was measured by using an empirical relation. Results indicated that 
the blending index increased as temperature increased. All modified binders showed 
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higher blending indices at a temperature of 150oC compared to samples measured at 
135oC, 120oC, and 105oC. 
 Overall blending index was higher in amine-based modifier’s modified binder compared 
to only RAS-modified binders at all temperatures. 
 Comparing the blending index of the Redist®-, Evotherm®-, and Bio-binder modified 
binders, the Bio-binder showed the best results at all temperature tested at a rotational 
speed of 20 rpm. 
 Among the blending indices evaluated at 135oC and 20 rpm for 20%, 30%, and 40% 
RAS-filled medium, the highest value was found in Bio-binder modified mixtures. 
Additionally, 20% RAS-filled media showed higher results than 30% and 40% RAS-
filled media (mixtures) indicating that Bio-binder most effectively increases mixing 
between aged and unaged asphalt in the mixture. 
 The dynamic shear rheometer test was conducted for all modified and unmodified binders 
at 20% RAS content viscous media. The complex moduli (G*) for modified binders were 
higher than the control (PG 64-22) binder. Furthermore, incorporation of amine-based 
modifiers into the control decreased the G*. 
 The phase angle (δ) was found to be lower in modified binders compared to the non-
modifiers content binder indicating that the amine-based modifiers make binder more 
elastic, which is only possible when thorough mixing of the ingredients occurs in the 
mixture. 
 At higher temperatures (lower frequencies) Bio-modified binders show higher values of 
G* than the others but at lower temperatures (higher frequencies) it showed lower G* 
than the other binders. This finding indicates that incorporation of Bio-binder into the 
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RAS-modified mixture at lower temperatures is more beneficial in terms of reduction of 
the mixture stiffness. 
 Among the three modifiers, the Bio-binder reduced the G* and δ in the mixture 
effectively and enhanced the mixing between RAS and virgin asphalt in the mixture. 
 In summary, the addition of Bio-binder to partially RAS-filled viscous mixtures reduces 
the viscosity, temperature susceptibility, shear susceptibility, complex modulus, and phase angle 
and enhances the blending index of the asphalt binders tested. 
5.3 Future Research 
 This study focused primarily on three amine-based modifiers and their application to 
enhance rheological characteristics of asphalt binder. Further research is needed to specify 
interaction mechanisms between each of these modifiers and asphalt molecules. In addition, 
determining the optimum percentage of each additive should be determined in order to maximize 
the blending of the modified binder. As such, the following recommendations are made for 
future studies: 
 study molecular interactions between modifiers and asphalt (aged as well unaged), 
 improve or predict the most appropriate relation to measure the blending behaviors of the 
mixture, 
 study the accuracy of the proposed empirical relation to calculate the blending index of 
the mixtures, and 
 undertake the study needed to determine the appropriate proportions of the modifiers in 
hot mix asphalt in terms of blend indices. 
 
  
75 
 
References 
AASHTO M323 (2013). “Standard Specification for Superpave Volumetric Mix  
Design.” Standard Specifications for Transportation Materials and Methods of Sampling 
and Testing, Washington D.C. 
AASHTO T283 (2008). “Resistance of Compacted Bituminous Mixture to Moisture Induced  
 Damage.” Standard Specifications for Transportation Materials and Methods and  
 Sampling and Testing, Washington D.C. 
AASHTO T 342 (2013). “Standard test method for determining dynamic modulus of  
hot-mix asphalt concrete structures.” Standard Specifications for Transportation 
Materials and Methods of Sampling and Testing, Washington D.C. 
ASTM D 225(2010). "Standard Specification for Asphalt Shingles (Organic Felt)  
Surfaced With Mineral Granules (Withdrawn 2012)" Annual Book of ASTM Standards; 
ASTM International. 
 http://webcache.googleusercontent.com/search?q=cache:wa3OqESQ1jcJ:shop.iccsafe.org
 /astm-d-225-07-specification-for-asphalt-shingles-organic-felt-surfaced-with-mineral-
 granules-pdf-download.html+&cd=2&hl=en&ct=clnk&gl=us 
 Accessed on August 20, 2013 
ASTM D3462 (2010). "Standard Specification for Asphalt Shingles made from glass felt  
and surfaced with mineral granules." Annual Book of ASTM Standards; ASTM 
International. 
 http://www.astm.org/DATABASE.CART/HISTORICAL/D3462-07.htm 
 Accessed on August 22, 2013 
ASTM D7175 (2008). “Standard Test Method for Determining the Rheological Properties  
76 
 
of Asphalt Binder Using a Dynamic Shear Rheometer”, Annual Book of ASTM 
Standards. West Conshohocken, PA: ASTM International. 
ASTM D86 (2013). Products and Services, Standards and Publications, Standard Products.
 available at: http://0-
 enterprise.astm.org.sheba.ncat.edu/SUBSCRIPTION/filtrexx40.cgi?REDLINE_
 PAGES/D86.htm 
 Accessed on August 3, 2013 
ASTM D312 (2013). Products and Services, Standards and Publications, Standard Products.
 available at: http://0-
 enterprise.astm.org.sheba.ncat.edu/SUBSCRIPTION/filtrexx40.cgi?REDLINE_
 PAGES/D312.htm 
 Accessed on August 3, 2013 
ASTM D4402 (2013). Products and Services, Standards and Publications, Standard Products 
 available at:  
 http://enterprise.astm.org.sheba.ncat.edu/SUBSCRIPTION/filtrexx40.cgi?REDLINE_PA
 GES/D4402D4402M.htm 
 Accessed on August 13, 2013 
Asphalt Institute (2001). “Superpave Mix Design” Superpave Series No. 2 (SP-02)  
 Asphalt Institute, Lexington, KY. 
Asphalt Institute (2001). “Superpave Performance Graded Asphalt Binder Specification  
 and Testing” Superpave Series No. 1 (SP-01) Asphalt Institute, Lexington, KY. 
AkzoNobel Surface Chemistry (2013)."Rediset® LQ-Superior Warm-Mix Additive  
 for Exceptional Compaction, Coating and Moisture Resistance". 
77 
 
 https://sc.akzonobel.com/en/asphalt/Documents/AkzoNobel_Asphalt_Rediset_LQ_EMEI
 A.pdf. 
 Accessed on December 22, 2013 
Ali N., Chan J. S., Potyondy A., Bushman R. and Bergen A. (1995). "Mechanistic Evaluation of 
 Asphalt Concrete Mixture Containing Reclaimed Roofing Materials". Transportation 
 research Record, 1515(74), 28-36. 
Al-Qadi, Imad L., M. A. Elseifi, and S. H. Carpenter (2007). Reclaimed Asphalt Pavement- 
“A literature Review”, Research Report FHWA-ICT_07_001, Illinois Center for 
Transportation, University of Illinois at Urbana-Champaign, Urbana, IL. 
Bentsen, R.A. (2010). "Illinois Tollway Authority Jump Starts Asphalt Shingle Recycling in  
 the State" C and D World. 
Brian H., Oldham D., Behnia B., Fini E. H., Buttlar G.W and Reis H, (2013). Low Temperature 
 Performance Characterization of Bio- Modified Asphalt Mixture Containing Reclaimed 
 Asphalt Pavement; Transportation Research Board 92nd Annual Meeting 2013 Paper # 
 13-3773. 
Brock, Ben (2007). “Economics of RAS in HMA”, Presentation at the 3rd Asphalt  
 Shingle Recycling Forum, Chicago, Illinois, November 1-2, 2007. 
Brock J.D., Shaw D. (1989). "From Roofing Shingles to Roads. Technical Paper T-120", Astec 
 Industries, Chattanooga, TN.
 http://books.google.com/books?id=15Iz24dsdOYC&pg=PA16&lpg=PA16&dq=Brock+J.
 D.,+Shaw+D.+From+Roofing+Shingles+to+Roads.+Technical+Paper+T-
 120+Astec+Industries+Chattanooga+TN+989. 
 Accessed on September 16, 2013 
78 
 
Burak S. and Ali T. (2004). "Use of asphalt roofing shingles waste in Hot Mix Asphalt". Journal 
 of Construction and Building Materials, 19 (05), 337-346. 
California Department of Transportation (2013). Selection of Asphalt Binder Grade. 
 Available at http://www.dot.ca.gov/hq/construc/CPDirectives/CPD06-11attach2.pdf, 
 Accessed on June 28, 2013. 
Claudy P.M, Martin D. and Planche J. P. (1998). "The thermal behavior of asphalt cement" 
 Thermochimica Acta, Vol.324, 203-213. 
Cutler J. Cleveland (1993). "An Exploration of Alternative measures of natural Resource 
 Scarcity: The Case of Petroleum Resources in The U.S". Economical Economic, 7(2), 
 645-663. 
Federal Highway Administration and Environmental Protection Agency, “Report to Congress, A 
 Study of the Use of Recycled Paving Material”, FHWA-RD-93-147, EPA/600/R-93/095, 
 June 1993. 
Fini E H., Kalberer E W., Shahbazi A. Basti M. You Z., Qzer H. and Aurangzeb Q. (2011). 
 "Chemical Characterization of Biobinder from Swine Manure: Sustainable Modifier for 
 Asphalt Binder", Journal of Materials in Civil Engineering, 23 (11), 1506-1513. 
Fini E H., Al-Qadi I L., You Z., Zada B. and Beale M. J (2011). "Partial Replacement of 
 Asphalt Binder with Bio- binder: Characterization and Modification". International 
 Journal of Pavement Engineering, 13 (6), 515-522. 
Fini H.E, E. Kalberer and A. Shabazz, (2011). "Biobinder from Swine Manure: Sustainable 
 Alternative for Asphalt Binder". In TRB 90th Annual Meeting Compendium of Papers. 
 Transportation Research Board of the National Academies, Washington, D.C., 2011, 
 Paper number 11-3453. 
79 
 
Firoozifar S., Foroutan S., (2011). The effect of asphaltene on thermal properties of bitumen, 
 Chemical Engineering Research Design: Transactions of the Institute of Chemical 
 Engineers Part a, Volume 89 (10), 2044–2048. 
Elseifi A. M., Salari S., Mohammad N. L., Hassan M., Daly H. W. and Dessouky S. (2012). "A 
 New Approach to Recycle Asphalt Shingles in Hot Mix Asphalt". Journal of materials in 
 civil engineering, 24 (11), 1403-1411. 
Foo. K., Hanson D. and Lynn T (1999). "Evaluation of roofing asphalt in hot mix asphalt". 
 Journal of Materials in civil engineering, 11(1), 15-20. 
From Roof to Road: "Recycling Asphalt Roofing Shingles into Paving Materials. California 
 Integrated Waste Management Board (CIWMB)".
 http://www.wastexchange.org/upload_publications/RecyclingRoofingWastes.pdf.  
 Accessed on July 15, 2013 
Grzybowski, K., Lewandowski, L. (2010). “Multi-Disciplinary Characterization of Recycled 
 Roofing Materials for Asphalt Pavement Applications”, Presentation by PRI Asphalt 
 Technologies Inc. presented at the Pavement Performance Prediction Symposium, 
 Laramie, Wyoming. 
Hamzaha M.O., B. Golchina and T. T. Ching, (2013). "Determination of the optimum binder 
 content of warm mix asphalt incorporating Rediset using response surface method", 
 Construction and Building Materials, Vol. 47, 1328–1336. 
Iswandaru Widyatmoko & Scott Wilson (2006). "Mechanistic-empirical mixture design  
for hot mix asphalt pavement recycling", Construction and Building Materials, 22 
(2008), 77–87. 
80 
 
Janisch D. W and Turgeon C.M. (1996). "Minnesota's Experience with Scrap Shingles in 
 Bituminous Pavements. Final Report, Report number 96-34), Minnesota Department of 
 transportation, Minnesota. http://trid.trb.org/view.aspx?id=471429 
 Accessed on Nov 22, 2013 
Jianhua Yu, (2012). Modification of Dynamic Modulus Predictive Models for Asphalt Mixtures 
 Containing Recycled Asphalt Shingles. Graduate Thesis and Dissertations. Paper 12540. 
 http://lib.dr.iastate.edu/etd/12540. Accessed at July 29, 2013 
Johnson, E., johnson, G., Linell, D., McGraw, J., Watson, M, (2010). "Incorporation of recycled 
 Asphalt Shingles in Hot Mixed Asphalt Pavement Mixtures." Minnesota department of 
 transportation, St. Paul, MN. 
Krivit, D. (2007). Recycling of Tear-Off Shingles: Best Practices Guide. Final report prepared 
 for the Construction Materials Recycling Association (CMRA). 
Malik R., Teto M. R. and Mogawer W. (2000). “Evaluation of Use of Manufactured Waste 
 Asphalt Shingles in Hot Mix Asphalt.” Technical Report # 26, Chelsea Center for 
 Recycling and Economic Development, University of Massachusetts, Lowell, MA. 
Marisa Dinis-Almeida, João C.Gomes, and Maria .L. Antunes, (2012). "Mix design 
 considerations for warm mix recycled asphalt with bitumen emulsion", Construction and 
 Building Materials, 28 (2012), 687–693. 
McGraw, J., Zofka, A., Krivit, D., Schroer, J., Olson, R., and Marasteanu, M (2007). "Recycled 
 Asphalt Shingles in Hot Mix Asphalt." Journal of the Association of Asphalt Paving 
 Technologist, 76(07), 235-274. 
Michel Maze, Frederic Delfosse, S. Faucon dumont, (2003). "Development of the Tempera® 
81 
 
 /Evotherm DAT™ Process in Europe: A Collaboration between Eurovia and Mead 
 Westvaco". http://www.meadwestvaco.com/mwv/groups/content/documents/document/m
 wv011338.pdf. 
 Accessed Nov.22, 2013 
Mogawer S. W., Fini E., Austerman J., A., Booshehrian A and Zada B. (2012). "Performance 
 Characteristics of High RAP Bio- Modified Asphalt Mixtures" Transportation of 
 Research Board 91st annual Meeting 2012 Paper number 12-2411. 
National Asphalt Pavement Association (NAPA) Special Report 194, (2007). National Asphalt 
 Roadmap; "A commitment to the Future. Executive  Summary"
 https://www.asphaltpavement.org/PDFs/roadmap/SR194forweb.pdf.  
 Accessed on Dec. 24, 2013 
NAHB Research Center. (1998). From roof to road: Recycling asphalt roofing shingles into 
 paving materials. 
NCHRP 1-37A. "Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement 
 Structures." Finial Report, 2004.
 http://onlinepubs.trb.org/onlinepubs/archive/mepdg/Part2_Chapter4_Traffic.pdf
 Accessed on Oct. 15, 2013 
New York DOT (2013). "Fuel, asphalt and steel price adjustments." 
https://www.dot.ny.gov/main/business-center/contractors/construction-division/fuel-  
asphalt-steel-price-adjustments 
Accessed on October 21, 2013 
Ohio DOT (2011). "Supplemental Specification 800, Revision to the 2010 Construction and 
 Material Specifications." 
82 
 
 http://www.dot.state.oh.us/Divisions/ConstructionMgt/Specification%20Files/CMS800-
 2010_1212011.pdf 
 Accessed on July 16, 2013 
Pennsylvania Department of Transportation, (2011). "Penn. DOT Benchmark Study: current 
 Practices and Future Trends for the Use of Recycled Materials in Highway Construction." 
 http://www.dep.state.pa.us/dep/subject/advcoun/solidwst/2011/9-15 
 11/PennDOT%20Benchmark%20MAY%202011%20REPORT%5B1%5D.pdf 
 Accessed on July 22, 2013 
Performance Graded Asphalt Binder RV Superpave Specification.
 http://www.pavementinteractive.org/article/rotational-viscometer 
 Accessed on July 28,  2013 
Rasmussen, R., Lytton R. & Chang G. (2002). "Method to Predict Temperature Susceptibility of 
 an Asphalt Binder" Journal of Materials in Civil Engineering, 14(3), 246-252. 
Raouf, M. A., and Williams, R.C. (2010a). "General physical and chemical properties of bio-
 binder derived from fast pyrolysis bio-oils." Proc., 2010 Mid-Continent Transp. Research 
 forum, U.S. Dept. of Transportation's Research and innovative Technology 
 Administration (RITA). 
Raouf, M.A., and Williams, R.C. (2010b). "Temperature and shear susceptibility of a 
 nonpetroleum binder as a pavement material." Transp. Res. Res., 2180(1), 9-18. 
Roberts F.L., Kandhal P. S., Brown  E. R., Lee D. Y., Kennedy T. W., (1996). Hot Mix 
 Asphalt Materials, Mixture, Design, and Construction, in National Asphalt Pavement 
 Association Research and Education Foundation, Lanham, Md. 
83 
 
Rubio, M.C., Martinez, G., Baena, L., Moreno, F. (2012). Warm mix asphalt: an overview, 
 Journal of Cleaner Production, Volume 24, Pages 76-84. 
Roof to Road; http://www.roofstoroads.com/r2r_links.html 
 Accessed on November 24 2013 
Scholz V. T. (2010). "Preliminary Investigation of RAP and RAS in Hot Mix Asphalt Cement", 
 Final Report, SR 500-291, Oregon Department of transportation Research Section.
 http://www.oregon.gov/ODOT/td/tp_res/docs/reports/2010/rap_and_ras_in_hmac.pdf. 
 Accessed on October 24, 2013 
Scott Wilson & Iswandaru Widyatmoko (2008). "Mechanistic-empirical mixture design for hot 
 mix asphalt pavement recycling." Construction and Building Materials, 22 (2), 77–87 
United States Department of Transportation-Federal Highway Administration (FHWA), 2011. 
 https://www.fhwa.dot.gov/asphtech/  
 Accessed on October 9, 2013 
U.S. Oil and Refining Co., http://www.usor.com/ 
 Accessed on November 16, 2013. 
Williams R. C. (2013). “Next Generation Asphalt: Bio-Oil in Asphalt Applications”. 
 Iowa State University 
http://bloximages.chicago2.vip.townnews.com/iowastatedaily.com/content/tncms/assets/v  
editorial/7/b1/7b1cf258-c111-11df-9aba-001cc4c002e0/4c913cacea474.pdf.pdf 
 Accessed on November 17, 2013. 
  
84 
 
Appendix A 
Tabulated results from RV tests for RAS modified binder Measured by SC 27 
Table A-1 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 22.2 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 5575 245.1 
#2 5545.33 244.1 
#3 5542.66 343.1 
Average 5554.33 344.1 
Coefficient of Variation 0.0032 
 
Table A-2 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 27.4 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 5050 429.3 
#2 5030 428.4 
#3 5030 428.4 
Average 5036.66 428.7 
Coefficient of Variation 0.0022 
 
Table A-3 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 10.10 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1867 115.3 
#2 1867 115.3 
#3 1867 115.3 
Average 1867 115.3 
Coefficient of Variation 0.000 
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Table A-4 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 12.10  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1730 147.1 
#2 1720 146.2 
#3 1720 146.2 
Average 1723.33 146.5 
Coefficient of Variation 0.0033 
 
Table A-5 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.5 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 747.5 48.45 
#2 727.5 45.45 
#3 737.5 47.6 
Average 737.5 47.16 
Coefficient of Variation 0.0135 
 
Table A-6 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.5 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 710 60.35 
#2 710 60.35 
#3 700 59.5 
Average 706.66 60.06 
Coefficient of Variation 0.0081 
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Table A-7 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.4 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 350 22.95 
#2 350 22.95 
#3 350 22.95 
Average 350 22.95 
Coefficient of Variation  
 
Table A-8 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.9 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 340 28.9 
#2 340 28.9 
#3 330 28.09 
Average 336.66 28.61 
Coefficient of Variation 0.01715 
 
Table A-9 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 47.00 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 6715 400.4 
#2 6715 400.4 
#3 6715 400.4 
Average 6715 400.4 
Coefficient of Variation 0.00 
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Table A-10 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 58.6 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 6550 499 
#2 6550 499 
#3 6550 499 
Average 6550 499 
Coefficient of Variation 0.00 
 
Table A-11 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 15.66 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 2183 134.3 
#2 2183 134.3 
#3 2183 134.3 
Average 2183 134.3 
Coefficient of Variation 0.00 
 
Table A-12 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 19.6  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1960 166.6 
#2 1970 167.5 
#3 1950 165.5 
Average 1960 166.5 
Coefficient of Variation 0.00510 
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Table A-13 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 6.5 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 837.5 54.4 
#2 837.5 54.4 
#3 837.5 54.4 
Average 837.5 54.4 
Coefficient of Variation 0.00 
 
Table A-14 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 8.1 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 800 68.85 
#2 790 67.15 
#3 800 68.85 
Average 796.66 68.28 
Coefficient of Variation 0.00724 
 
Table A-15 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.2 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 391.66 27.2 
#2 391.66 27.2 
#3 391.66 27.2 
Average 391.66 27.2 
Coefficient of Variation 0.00 
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Table A-16 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.9 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 390 33.15 
#2 380 32.3 
#3 380 32.3 
Average 383.33 32.58 
Coefficient of Variation 0.01506 
 
Table A-17 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 57.5 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 7275 488.8 
#2 7275 488.8 
#3 7275 488.8 
Average 7275 488.8 
Coefficient of Variation 0.00 
 
Table A-18 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 71.7 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 7170 609.5 
#2 7160 608.6 
#3 7160 608.6 
Average 7163.33 608.9 
Coefficient of Variation  
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Table A-19 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 19.2 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 2393 162.4 
#2 2393 162.4 
#3 2393 162.4 
Average 2393 162.4 
Coefficient of Variation 0.00 
 
Table A-20 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 23.8  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 2380 202.3 
#2 2380 202.3 
#3 2380 202.3 
Average 2380 202.3 
Coefficient of Variation 0.00 
 
Table A-21: 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 7.6 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 945.83 64.6 
#2 945.83 64.6 
#3 945.83 64.6 
Average 945.83 64.6 
Coefficient of Variation 0.00 
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Table A-22 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 9.4 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 940 79.90 
#2 930 79.05 
#3 940 79.90 
Average 936.66 79.61 
Coefficient of Variation 0.006138 
 
Table A-23 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.5 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 437.50 29.75 
#2 437.50 29.75 
#3 437.50 29.75 
Average 437.50 29.75 
Coefficient of Variation 0.00 
 
Table A-24 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 4.3 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 430 36.55 
#2 430 36.55 
#3 430 36.55 
Average 430 36.55 
Coefficient of Variation 0.00 
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Measured by spindle type V73  
 
Table A-25 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 12553 25.9 
#2 12553 25.9 
#3 12553 25.9 
Average 12553 25.9 
Coefficient of Variation 0.00 
 
Table A-26 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 12060 32.5 
#2 12060 32.5 
#3 12060 32.5 
Average 12060 32.5 
Coefficient of Variation 0.00 
 
Table A-27 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 4208 9.1 
#2 4208 9.1 
#3 4208 9.1 
Average 4208 9.1 
Coefficient of Variation 0.00 
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Table A-28 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 4093 11.3 
#2 4093 11.3 
#3 4093 11.3 
Average 4093 11.3 
Coefficient of Variation 0.00 
 
Table A-29 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 1398 4.0 
#2 1398 4.0 
#3 1398 4.0 
Average 1398 4.0 
Coefficient of Variation 0.00 
 
Table A-30 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 1356 4.6 
#2 1356 4.6 
#3 1356 4.6 
Average 1356 4.6 
Coefficient of Variation 0.00 
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Table A-31 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 715.3 2.0 
#2 715.3 2.0 
#3 715.3 2.0 
Average 715.3 2.0 
Coefficient of Variation 0.00 
 
Table A-32 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 650 2.3 
#2 650 2.3 
#3 650 2.3 
Average 650 2.3 
Coefficient of Variation 0.00 
 
Table A-33 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 13559 38.1 
#2 13559 38.1 
#3 13559 38.1 
Average 13559 38.1 
Coefficient of Variation 0.00 
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Table A-34 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 13265 47.4 
#2 13265 47.4 
#3 13265 47.4 
Average 13265 47.4 
Coefficient of Variation 0.00 
 
Table A-35 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 4359 12.9 
#2 4359 12.9 
#3 4359 12.9 
Average 4359 12.9 
Coefficient of Variation 0.00 
 
Table A-36 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 4324 16.0 
#2 4324 16.0 
#3 4324 16.0 
Average 4324 16.0 
Coefficient of Variation 0.00 
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Table A-37 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1676 6.5 
#2 1676 6.5 
#3 1676 6.5 
Average 1676 6.5 
Coefficient of Variation 0.00 
 
Table A-38  
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1570 8.4 
#2 1570 8.4 
#3 1570 8.4 
Average 1570 8.4 
Coefficient of Variation 0.00 
 
Table A-39 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 731.47 2.4 
#2 731.47 2.4 
#3 731.47 2.4 
Average 731.47 2.4 
Coefficient of Variation 0.00 
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Table A-40 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 687 3.0 
#2 687 3.0 
#3 687 3.0 
Average 687 3.0 
Coefficient of Variation 0.00 
 
Table A-41 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 17985 54.9 
#2 17985 54.9 
#3 17985 54.9 
Average 17985 54.9 
Coefficient of Variation 0.00 
 
Table A-42 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 14963 69.3 
#2 15023 69.7 
#3 14963 69.3 
Average 14983 69.43 
Coefficient of Variation 0.002312 
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Table A-43  
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 4644 17.6 
#2 4644 17.6 
#3 4644 17.6 
Average 4644 17.6 
Coefficient of Variation 0.00 
 
Table A-44 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 4586.33 22.2 
#2 4586.33 22.2 
#3 4586.33 22.2 
Average 4586.33 22.2 
Coefficient of Variation 0.00 
 
Table A-45 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1864 6.9 
#2 1854 6.7 
#3 1874 7.1 
Average 1864 6.9 
Coefficient of Variation 0.00 
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Table A-46 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 1862 8.7 
#2 1840 8.6 
#3 1840 8.6 
Average 1847.33 8.63 
Coefficient of Variation 0.00687 
 
Table A-47 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 820.36 3.1 
#2 820.36 3.1 
#3 820.36 3.1 
Average 820.36 3.1 
Coefficient of Variation 0.00 
 
Table A-48 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 813.2 3.8 
#2 813.2 3.8 
#3 813.2 3.8 
Average 813.2 3.8 
Coefficient of Variation 0.00 
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Appendix B 
Tabulated results from RV tests for Rediset® modified binder Measured by SC 27 
Table B-1 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 32.36 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 4045.60 275.40 
#2 4045.60 275.40 
#3 4045.60 275.40 
Average 4045.60 275.40 
Coefficient of Variation 0.00 
 
Table B-2 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 39.90 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 4000 340.00 
#2 3990 339.20 
#3 3980 338.50 
Average 3990 339.23 
Coefficient of Variation 0.00250 
 
Table B-3 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 12.36 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1358.60 92.65 
#2 1358.60 92.65 
#3 1358.60 92.65 
Average 1358.60 92.65 
Coefficient of Variation 0.00 
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Table B-4 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 13.40  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1340 113.90 
#2 1340 113.90 
#3 1340 113.90 
Average 1340 113.90 
Coefficient of Variation 0.00 
 
Table B-5 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.60 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 645 39.10 
#2 645 39.10 
#3 645 39.10 
Average 645 39.10 
Coefficient of Variation 0.00 
 
Table B-6: 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 5.66 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 570 48.15 
#2 560 47.60 
#3 570 48.15 
Average 566.66 47.96 
Coefficient of Variation 0.01018 
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Table B-7 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.43 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 304 21.25 
#2 304 21.25 
#3 304 21.25 
Average 304 21.25 
Coefficient of Variation  
 
Table B-8 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.83 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 290 24.65 
#2 280 23.80 
#3 280 23.80 
Average 283.33 24.08 
Coefficient of Variation 0.020377 
 
Table B-9 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 44.90 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 4621 382.70 
#2 4621 382.70 
#3 4621 382.70 
Average 4621 382.70 
Coefficient of Variation 0.00 
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Table B-10: 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 54.30 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 4541.00 462.40 
#2 4521.00 461.60 
#3 4501.00 460.40 
Average 4521.00 461.46 
Coefficient of Variation 0.0044238 
 
Table B-11 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 14.90 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1862.60 127.50 
#2 1862.60 127.50 
#3 1862.60 127.50 
Average 1862.60 127.50 
Coefficient of Variation 0.00 
 
Table B-12 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 18.20  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1830 155.60 
#2 1820 154.70 
#3 1810 153.90 
Average 1820 154.73 
Coefficient of Variation 0.00549 
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Table B-13 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 5.76 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 710.80 48.45 
#2 710.80 48.45 
#3 710.80 48.45 
Average 710.80 48.45 
Coefficient of Variation 0.00 
 
Table B-14 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 7.13 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 695.00 61.20 
#2 695.00 61.20 
#3 695.00 61.20 
Average 695.00 61.20 
Coefficient of Variation 0.00 
 
Table B-15 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.70 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 337.50 22.95 
#2 337.50 22.95 
#3 337.50 22.95 
Average 337.50 22.95 
Coefficient of Variation 0.00 
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Table B-16 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.30 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 330 28.05 
#2 330 28.05 
#3 330 28.05 
Average 330 28.05 
Coefficient of Variation 0.00 
 
Table B-17 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 47.70 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 5971 408.00 
#2 5971 408.00 
#3 5971 408.00 
Average 5971 408.00 
Coefficient of Variation 0.00 
 
Table B-18 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 58.40 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 5850 497.50 
#2 5850 497.50 
#3 5810 493.00 
Average 5836.66 496.00 
Coefficient of Variation 0.003956 
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Table B-19 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 15.76 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1971 134.30 
#2 1971 134.30 
#3 1971 134.30 
Average 1971 134.30 
Coefficient of Variation 0.00 
 
Table B-20 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 19.33  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1950 165.90 
#2 1940 164.90 
#3 1930 163.90 
Average 1940 164.90 
Coefficient of Variation 0.00515 
 
Table B-21 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 6.13 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 820.60 52.70 
#2 820.60 52.70 
#3 820.60 52.70 
Average 820.60 52.70 
Coefficient of Variation 0.00 
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Table B-22 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 7.60 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 760 64.60 
#2 760 64.60 
#3 760 64.60 
Average 760 64.60 
Coefficient of Variation 0.00 
 
Table B-23 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.93 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 366.60 25.65 
#2 366.60 25.65 
#3 366.60 25.65 
Average 366.60 25.65 
Coefficient of Variation 0.00 
 
Table B-24 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.60 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 360 30.60 
#2 360 30.60 
#3 360 30.60 
Average 360 30.60 
Coefficient of Variation 0.00 
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Measured by V73 type spindle 
 
Table B-25 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 8345 30.30 
#2 8345 30.30 
#3 8350 30.31 
Average 8346.66 30.30 
Coefficient of Variation 0.000345 
 
Table B-26 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 8311 37.30 
#2 8311 37.30 
#3 8315 37.40 
Average 8312.33 37.33 
Coefficient of Variation 0.000277 
 
Table B-27 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 2736 10.4 
#2 2722 10.2 
#3 2702 10.1 
Average 2720.00 10.23 
Coefficient of Variation 0.0062823 
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Table B-28 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 2716 13.20 
#2 2722 13.30 
#3 2707 13.10 
Average 2715 13.20 
Coefficient of Variation 0.00278 
 
Table B-29 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 1124 4.20 
#2 1124 4.20 
#3 1150 4.30 
Average 1132.66 4.23 
Coefficient of Variation 0.00132 
 
Table B-30 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 1113 5.20 
#2 1134 5.30 
#3 1113 5.20 
Average 1120 5.23 
Coefficient of Variation 0.0108 
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Table B-31 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 561.80 2.10 
#2 561.80 2.10 
#3 535.50 2.00 
Average 553.03 2.06 
Coefficient of Variation 0.07456 
 
Table B-32 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 535 2.50 
#2 535 2.50 
#3 513.50 2.30 
Average 527.83 2.43 
Coefficient of Variation 0.02351 
 
Table B-33 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 9630 36.10 
#2 9677 36.40 
#3 9700 36.70 
Average 9669 36.40 
Coefficient of Variation 0.00369 
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Table B-34 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 9656 45.80 
#2 9678 45.90 
#3 9596 45.40 
Average 9643.33 45.70 
Coefficient of Variation 0.00440 
 
Table B-35 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 3237 12.20 
#2 3290 12.40 
#3 3290 12.40 
Average 3272.33 12.33 
Coefficient of Variation 0.00935 
 
Table B-36 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 3253 15.20 
#2 3253 15.20 
#3 3190 14.90 
Average 3232 15.10 
Coefficient of Variation 0.01125 
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Table B-37 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1311 5.00 
#2 1284 4.80 
#3 1311 5.00 
Average 1302 4.93 
Coefficient of Variation 0.01197 
 
Table B-38 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1305 6.10 
#2 1284 5.90 
#3 1263 6.00 
Average 1284 6.00 
Coefficient of Variation 0.01635 
 
Table B-39 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 642 2.40 
#2 615.30 2.30 
#3 642 2.40 
Average 633.10 2.36 
Coefficient of Variation 0.0243 
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Table B-40 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 620.60 2.90 
#2 620.60 2.90 
#3 599.20 2.80 
Average 613.46 2.86 
Coefficient of Variation 0.02014 
 
Table B-41 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 1287 63.50 
#2 1287 63.50 
#3 1287 63.50 
Average 1287 63.50 
Coefficient of Variation 0.00 
 
Table B-42 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 10950 70.10 
#2 10950 70.10 
#3 10950 70.10 
Average 10950 70.10 
Coefficient of Variation 0.00 
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Table B-43 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 3932 14.60 
#2 3932 14.60 
#3 3932 14.60 
Average 3932 14.60 
Coefficient of Variation 0.00 
 
Table B-44 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 3895 18.20 
#2 3816 17.60 
#3 3875 18.00 
Average 3862 17.93 
Coefficient of Variation 0.01063 
 
Table B-45 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1525 5.90 
#2 1498 5.70 
#3 1498 5.70 
Average 1507 5.76 
Coefficient of Variation 0.0344 
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Table B-46 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1541 7.10 
#2 1477 6.90 
#3 1477 6.90 
Average 1498.33 6.96 
Coefficient of Variation 0.02466 
 
Table B-47 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 668.80 2.50 
#2 695.50 2.60 
#3 638.80 2.50 
Average 667.70 2.53 
Coefficient of Variation 0.04248 
 
Table B-48 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 650.50 3.20 
#2 650.50 3.20 
#3 650.50 3.20 
Average 650.50 3.13 
Coefficient of Variation 0.01842 
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Appendix C 
Tabulated results from RV tests for Evotherm® modified binder Measured by SC 27 
Table C-1 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 33.76 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 4600 289 
#2 4600 289 
#3 4600 289 
Average 4600 289 
Coefficient of Variation  
 
Table C-2 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 41.76 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 4190 356.20 
#2 4180 355.30 
#3 4160 353.60 
Average 4176.66 355.03 
Coefficient of Variation 0.00365 
 
Table C-3 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 11.63 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1650 98.60 
#2 1650 98.60 
#3 1650 98.60 
Average 1650 98.60 
Coefficient of Variation  
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Table C-4 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 14.30  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1430 121.60 
#2 1430 121.60 
#3 1430 121.60 
Average 1430 121.60 
Coefficient of Variation  
 
Table C-5 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.76 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 650 40.80 
#2 650 40.80 
#3 650 40.80 
Average 650 40.80 
Coefficient of Variation  
 
Table C-6 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 5.86 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 590 50.15 
#2 590 50.15 
#3 580 49.30 
Average 586.66 49.86 
Coefficient of Variation 0.00984 
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Table C-7 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.36 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 350 20.40 
#2 350 20.40 
#3 350 20.40 
Average 350 20.40 
Coefficient of Variation  
 
Table C-8 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.90 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 290 24.65 
#2 290 24.65 
#3 290 24.65 
Average 290 24.65 
Coefficient of Variation  
 
Table C-9 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 53.70 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 5888 457.30 
#2 5888 457.30 
#3 5888 457.30 
Average 5888 457.30 
Coefficient of Variation  
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Table C-10 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 65.85 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 5610 561.90 
#2 5600 561.00 
#3 5600 561.00 
Average 5603.33 561.30 
Coefficient of Variation 0.001030 
 
Table C-11 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 17.46 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1972 149.60 
#2 1972 149.60 
#3 1972 149.60 
Average 1972 149.60 
Coefficient of Variation 0.00680 
 
Table C-12 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 21.56  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1860 183.60 
#2 1835 183.10 
#3 1850 182.80 
Average 1848.33 183.16 
Coefficient of Variation 0.000687 
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Table C-13 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 6.70 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 898.33 56.95 
#2 898.33 56.95 
#3 898.33 56.95 
Average 898.33 56.95 
Coefficient of Variation  
 
Table C-14 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 8.26 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 860 70.55 
#2 860 70.55 
#3 860 70.55 
Average 860 70.55 
Coefficient of Variation  
 
Table C-15 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.13 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 395.80 27.20 
#2 395.80 27.20 
#3 395.80 27.20 
Average 395.80 27.20 
Coefficient of Variation  
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Table C-16 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.83 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 380 32.30 
#2 380 32.30 
#3 390 33.15 
Average 383.33 32.58 
Coefficient of Variation 0.0150 
 
Table C-17 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 58.13 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 6788.5 494.70 
#2 6788.5 494.70 
#3 6788.5 494.70 
Average 6788.5 494.70 
Coefficient of Variation 0.00 
 
Table C-18 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 71.93 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 6613.33 612.00 
#2 6613.33 612.00 
#3 6613.33 612.00 
Average 6613.33 612.00 
Coefficient of Variation 0.00 
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Table C-19 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 19.13 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 2387.60 163.20 
#2 2387.60 163.20 
#3 2387.60 163.20 
Average 2387.60 163.20 
Coefficient of Variation  
 
Table C-20 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 23.73  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 2280 202.30 
#2 2270 201.50 
#3 2270 201.50 
Average 2273.33 201.76 
Coefficient of Variation 0.002539 
 
Table C-21 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 7.23 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 912.50 62.05 
#2 900.00 61.20 
#3 900.00 61.20 
Average 904.16 61.48 
Coefficient of Variation 0.00798 
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Table C-22 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 8.93 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 900 76.50 
#2 890 75.65 
#3 890 75.65 
Average 893.33 75.93 
Coefficient of Variation 0.006462 
 
Table C-23 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.40 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 425 28.90 
#2 425 28.90 
#3 425 28.90 
Average 425 28.90 
Coefficient of Variation 0.0333 
 
Table C-24 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 4.20 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 415 35.70 
#2 415 35.70 
#3 415 35.70 
Average 415 35.70 
Coefficient of Variation 0.00 
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Measured by V73 type spindle 
 
 
Table C-25 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 9553.00 34.6 
#2 9553.00 34.6 
#3 9553.00 34.6 
Average 9553.00 34.6 
Coefficient of Variation 0.00 
 
Table C-26 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 9175.00 42.10 
#2 9175.00 42.10 
#3 9175.00 42.10 
Average 9175.00 42.10 
 
Table C-27 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 3108.45 11.30 
#2 3108.45 11.30 
#3 3108.45 11.30 
Average 3108.45 11.30 
Coefficient of Variation 0.00 
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Table C-28 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 2903.00 15.20 
#2 2903.00 15.20 
#3 2903.00 15.20 
Average 2903.00 15.20 
Coefficient of Variation 0.00 
 
Table C-29 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 1398.00 5.20 
#2 1398.00 5.20 
#3 1398.00 5.20 
Average 1398.00 5.20 
Coefficient of Variation 0.00 
 
Table C-30 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 1351 5.90 
#2 1351 5.90 
#3 1351 5.90 
Average 1351 5.90 
Coefficient of Variation 0.00 
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Table C-31 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 615.30 2.40 
#2 615.30 2.40 
#3 615.30 2.40 
Average 615.30 2.40 
Coefficient of Variation 0.00 
 
Table C-32 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 610 3.00 
#2 610 3.00 
#3 610 3.00 
Average 610 3.00 
Coefficient of Variation 0.00 
 
Table C-33 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 11559 47.80 
#2 11559 47.80 
#3 11559 47.80 
Average 11559 47.80 
Coefficient of Variation 0.00 
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Table C-34 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 11030 57.40 
#2 11030 57.40 
#3 11030 57.40 
Average 11030 57.40 
Coefficient of Variation 0.00 
 
Table C-35 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 4059.33 16.60 
#2 4059.33 16.60 
#3 4059.33 16.60 
Average 4059.33 16.60 
Coefficient of Variation 0.00 
 
Table C-36 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 3913 20.20 
#2 3913 20.20 
#3 3913 20.20 
Average 3913 20.20 
Coefficient of Variation 0.00 
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Table C-37 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1576.33 5.90 
#2 1576.33 5.90 
#3 1576.33 5.90 
Average 1576.33 5.90 
Coefficient of Variation 0.00 
 
Table C-38 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1422 7.20 
#2 1422 7.20 
#3 1422 7.20 
Average 1422 7.20 
Coefficient of Variation 0.00 
 
Table C-39 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 731.47 2.60 
#2 731.47 2.60 
#3 731.47 2.60 
Average 731.47 2.60 
Coefficient of Variation 0.00 
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Table C-40 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 610 3.40 
#2 610 3.40 
#3 610 3.40 
Average 610 3.40 
Coefficient of Variation 0.00 
 
Table C-41 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 15063.00 48.90 
#2 15063.00 48.90 
#3 15063.00 48.90 
Average 15063.00 48.90 
Coefficient of Variation 0.00 
 
Table C-42 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 14020 59.40 
#2 14020 59.40 
#3 14020 59.40 
Average 14020 59.40 
Coefficient of Variation 0.00 
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Table C-43 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 4200 15.70 
#2 4227 15.80 
#3 4200 15.70 
Average 4209 15.73 
Coefficient of Variation 0.00 
 
Table C-44 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 4152 19.30 
#2 4173 19.50 
#3 4130 19.20 
Average 4151.66 19.33 
Coefficient of Variation 0.005179 
 
Table C-45 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1560.67 5.80 
#2 1578 5.90 
#3 1552 5.80 
Average 1560.66 5.83 
Coefficient of Variation 0.009618 
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Table C-46 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1541 7.20 
#2 1541 7.20 
#3 1562 7.30 
Average 1548 7.23 
Coefficient of Variation 0.00783 
 
Table C-47 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 695.50 2.60 
#2 695.50 2.60 
#3 695.50 2.60 
Average 695.50 2.60 
Coefficient of Variation 0.00 
 
Table C-48 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 706.20 3.30 
#2 684.80 3.20 
#3 684.80 3.20 
Average 691.93 3.23 
Coefficient of Variation 0.0178 
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Appendix D 
Tabulated results from RV tests for Bio-binder modified binder Measured by SC 27 
Table D-1 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 28.76 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 3600 244.80 
#2 3600 244.80 
#3 3580 244.00 
Average 3593.33 244.53 
Coefficient of Variation 0.003213 
 
Table D-2 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 35.43 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 3550 301.80 
#2 3540 300.90 
#3 3540 300.90 
Average 3543.33 301.20 
Coefficient of Variation 0.00162 
 
Table D-3 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 10.20 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1263 85.85 
#2 1263 85.85 
#3 1263 85.85 
Average 1263 85.85 
Coefficient of Variation 0.00 
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Table D-4 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 12.43  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1250 106.40 
#2 1240 106.30 
#3 1240 106.30 
Average 1243.33 106.33 
Coefficient of Variation 0.00464 
 
Table D-5 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.13 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 512.50 34.85 
#2 512.50 34.85 
#3 525.00 35.70 
Average 516.67 35.13 
Coefficient of Variation 0.01396 
 
Table D-6 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 5.13 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 520 44.20 
#2 510 43.35 
#3 510 43.35 
Average 513.33 43.63 
Coefficient of Variation 0.011247 
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Table D-7 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 1.96 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 280.66 17.00 
#2 280.66 17.00 
#3 280.66 17.00 
Average 280.66 17.00 
Coefficient of Variation 0.00 
 
Table D-8 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.43 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 250 21.25 
#2 240 20.40 
#3 240 20.40 
Average 243.33 20.68 
Coefficient of Variation 0.02372 
 
Table D-9 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 32.90 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 4125 280.50 
#2 4113 179.70 
#3 4113 179.70 
Average 4117 213.30 
Coefficient of Variation 0.00168 
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Table D-10 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 40.70 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 4080 346.80 
#2 4060 345.10 
#3 4080 345.10 
Average 4073.33 345.66 
Coefficient of Variation 0.00283 
 
Table D-11 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 11.40 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 1438 97.75 
#2 1425 96.50 
#3 1425 96.50 
Average 1429.33 96.91 
Coefficient of Variation 0.00525 
 
Table D-12 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 14.10  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1410 119.90 
#2 1410 119.90 
#3 1410 119.90 
Average 1410 119.90 
Coefficient of Variation 0.00 
 
 
 
136 
 
Table D-13 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 4.80 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 600 40.80 
#2 600 40.80 
#3 600 40.80 
Average 600 40.80 
Coefficient of Variation 0.00 
 
Table D-14 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 6.00 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 600 51.00 
#2 590 50.15 
#3 590 50.15 
Average 593.33 50.43 
Coefficient of Variation 0.00973 
 
Table D-15 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.30 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 287.50 19.55 
#2 287.50 19.55 
#3 287.50 19.55 
Average 287.50 19.55 
Coefficient of Variation 0.00 
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Table D-16 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 2.90 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 280 23.80 
#2 280 23.80 
#3 280 23.80 
Average 280 23.80 
Coefficient of Variation 0.00 
 
Table D-17 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 46.30 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 5379.13 407.20 
#2 5379.13 407.20 
#3 5379.13 407.20 
Average 5379.13 407.20 
Coefficient of Variation 0.00 
 
Table D-18 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
105 58.00 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 5116.67 494.70 
#2 5116.67 494.70 
#3 5116.67 494.70 
Average 5116.67 494.70 
Coefficient of Variation 0.00 
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Table D-19 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 16.10 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 2000 136.90 
#2 2000 136.90 
#3 2000 136.90 
Average 2000 136.90 
Coefficient of Variation 0.00 
 
Table D-20 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
120 19.90  25 
Viscosity (cp) Shear Stress (Mpa) 
#1 1980 168.20 
#2 1970 167.30 
#3 1970 167.30 
Average 1973.33 167.60 
Coefficient of Variation 0.002925 
 
Table D-21 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 6.20 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 775 53.77 
#2 775 53.77 
#3 775 53.77 
Average 775 53.77 
Coefficient of Variation 0.00 
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Table D-22 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
135 7.70 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 770 65.40 
#2 770 65.40 
#3 770 65.40 
Average 770 65.40 
Coefficient of Variation 0.00 
 
Table D-23 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.00 6.8 20 
Viscosity (cp) Shear Stress (Mpa) 
#1 363 24.65 
#2 363 24.65 
#3 363 24.65 
Average 363 24.65 
Coefficient of Variation 0.00 
 
Table D-24 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Torque(%) Shear Rate RPM 
150 3.70 8.5 25 
Viscosity (cp) Shear Stress (Mpa) 
#1 360 30.60 
#2 360 30.60 
#3 350 29.60 
Average 356.66 30.26 
Coefficient of Variation 0.016187 
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Measured by V73 type spindle 
 
Table D-25 
RV results for 20% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 4864 23.60 
#2 4870 23.70 
#3 4864 23.60 
Average 4866 23.63 
Coefficient of Variation 0.00 
 
Table D-26 
RV results for 20% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 4821 29.80 
#2 4815 29.60 
#3 4795 29.50 
Average 4811.33 29.63 
Coefficient of Variation 0.003085 
 
Table D-27 
RV results for 20% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 1647 8.40 
#2 1647 8.40 
#3 1647 8.40 
Average 1647 8.40 
Coefficient of Variation 0.00 
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Table D-28 
RV results for 20% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 1626 10.40 
#2 1626 10.40 
#3 1570 10.30 
Average 1607.33 10.36 
Coefficient of Variation 0.020115 
 
Table D-29 
RV results for 20% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 736.30 3.50 
#2 736.30 3.50 
#3 709.50 3.30 
Average 727.36 3.43 
Coefficient of Variation 0.02127 
 
Table D-30 
RV results for 20% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 720.2 4.30 
#2 720.2 4.30 
#3 711.0 4.10 
Average 717.13 4023 
Coefficient of Variation 0.00740 
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Table D-31 
RV results for 20% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 354.80 1.70 
#2 354.80 1.70 
#3 328.00 1.60 
Average 345.86 1.66 
Coefficient of Variation 0.04473 
 
Table D-32 
RV results for 20% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 329.4 2.10 
#2 329.40 2.10 
#3 328.00 2.00 
Average 328.93 2.06 
Coefficient of Variation 0.00245 
 
Table D-33 
RV results for 30% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 6050 26.60 
#2 6000 25.20 
#3 5950 24.20 
Average 6000 25.33 
Coefficient of Variation 0.00833 
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Table D-34 
RV results for 30% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 5941 32.80 
#2 5998 32.40 
#3 5919 23.60 
Average 5952.66 29.60 
Coefficient of Variation 0.00684 
 
Table D-35 
RV results for 30% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 2315 9.40 
#2 2288 9.30 
#3 2288 9.30 
Average 2297 9.33 
Coefficient of Variation 0.006786 
 
Table D-36 
RV results for 30% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 2182 11.60 
#2 2161 11.40 
#3 2182 11.60 
Average 2175 11.53 
Coefficient of Variation 0.005574 
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Table D-37 
RV results for 30% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 917 3.80 
#2 889.80 3.60 
#3 889.80 3.60 
Average 898.86 3.66 
Coefficient of Variation 0.017470 
 
Table D-38 
RV results for 30% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 856.00 4.70 
#2 834.60 4.60 
#3 834.60 4.60 
Average 841.73 4.63 
Coefficient of Variation 0.014678 
 
Table D-39 
RV results for 30% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 422.50 2.00 
#2 392.50 1.80 
#3 378.30 1.60 
Average 397.76 1.80 
Coefficient of Variation 0.05673 
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Table D-40 
RV results for 30% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 372.20 2.30 
#2 372.20 2.30 
#3 372.20 2.30 
Average 372.20 2.30 
Coefficient of Variation 0.00 
 
Table D-41 
RV results for 40% RAS at 105°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 6.8 20 
Viscosity (cp) Torque(%) 
#1 7067 29.20 
#2 7067 29.20 
#3 7067 29.20 
Average 7067 29.20 
 
Table D-42 
RV results for 40% RAS at 105°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
105 8.5 25 
Viscosity (cp) Torque(%) 
#1 6931.26  
#2 6931.26  
#3 6931.26  
Average 6931.26  
Coefficient of Variation 0.00 
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Table D-43 
RV results for 40% RAS at 120°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 6.8 20 
Viscosity (cp) Torque(%) 
#1 2856 10.2 
#2 2856 10.2 
#3 2856 10.2 
Average 2856 10.2 
Coefficient of Variation 0.00 
 
Table D-44 
RV results for 40% RAS at 120°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
120 8.5 25 
Viscosity (cp) Torque(%) 
#1 2786.30  
#2 2786.30  
#3 2786.30  
Average 2786.30  
Coefficient of Variation 0.00 
 
Table D-45 
RV results for 40% RAS at 135°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 6.8 20 
Viscosity (cp) Torque(%) 
#1 1163 5.10 
#2 1163 5.10 
#3 1163 5.10 
Average 1163 5.10 
Coefficient of Variation 0.00 
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Table D-46 
RV results for 40% RAS at 135°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
135 8.5 25 
Viscosity (cp) Torque(%) 
#1 1050.00  
#2 1050.00  
#3 1050.00  
Average 1050.00  
Coefficient of Variation 0.00 
 
Table D-47 
RV results for 40% RAS at 150°C, 20 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 6.8 20 
Viscosity (cp) Torque(%) 
#1 419.30 3.30 
#2 419.30 3.30 
#3 419.30 3.30 
Average 419.30 3.30 
Coefficient of Variation 0.00 
 
Table D-48 
RV results for 40% RAS at 150°C, 25 rpm. 
Replicates 
Temp. (°C) Shear Rate RPM 
150 8.5 25 
Viscosity (cp) Torque(%) 
#1 390.50  
#2 390.50  
#3 390.50  
Average 390.50  
Coefficient of Variation 0.00 
 
 
